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Platanthera is one of the largest genera of temperate orchids and exemplifies a lineage that has
adaptively radiated into diverse habitats within North America, Asia, Europe, North Africa,
Borneo, and Sarawak. Major centers of diversity in this genus are western North America and
eastern Asia. The diversity in floral morphological traits such as floral color, shape and the length
of nectar spur is associated with numerous pollination syndromes, making Platanthera an ideal
system to study the evolution of floral traits and pollination biology. Despite its diversity, a
thorough phylogenetic hypothesis for the genus is lacking because no studies have yet sampled
taxa exhaustively or developed a robust molecular toolkit. Nevertheless, in past phylogenetic
studies some intrageneric groups of species appear to be monophyletic. One of these groups is
subgenus Limnorchis, but the majority of taxa in this group have not been included in a
phylogenetic analysis. In this study, I developed a new toolkit for Platanthera consisting of
genomic information from 617 low-copy nuclear loci. Using a targeted enrichment approach, I
collected high-throughput sequence data from these loci in 23 accessions, including nine of the 12
diploids of subgenus Limnorchis and nine outgroup Platanthera species. A maximum likelihood
search was performed on a 570,818 nucleotide supermatrix to generate a phylogeny. This analysis

resolved a strongly supported monophyletic clade for subgenus Limnorchis. This phylogeny was
then used to test hypotheses of biogeographic diversification and floral trait evolution of subgenus
Limnorchis. Ancestral biogeographic reconstruction indicated that subgenus Limnorchis
originated in western North America ca. 3 – 4.5 Mya from an ancestor that was widespread in
western North America and eastern Asia and subsequently diversified in western North America,
followed by dispersal of some species to eastern North America. Floral macro and micromorphological traits were characterized across the subgenus. Ancestral character reconstruction
suggests convergent evolution of spur length, spur shape and viscidium shape, possibly in response
to selection by similar pollinators. Understanding the biogeographic history and morphological
diversification of subgenus Limnorchis within a phylogenetic context will contribute to an updated
taxonomy for the subgenus.
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CHAPTER I
INTRODUCTION
Diversity in Orchidaceae
Orchidaceae is one of the largest families of flowering plants (Givnish et al., 2015), with 736
genera (Chase et al., 2015). Members of this family have become of interest for both scientific and
general audiences due to their exclusive and diverse characters, such as their extraordinary floral
diversity, and unique adaptations to different pollinators and niches (Givnish et al., 2015). A major
reason for the evolutionary success of orchids is their intrinsic ability to diversify into variable niches
and the high rate of diversification (Givnish et al., 2015). Studies have identified multifaceted
novelties in orchids that have aided in their diversification, i.e., evolution of pollinia to match a wide
range of pollinators and a variety of growth habits, epiphytism and tropical distribution. Diverse
habitats such as extensive mountain ranges, coastal plains and plateaus allow them to get a
competitive advantage by exploiting unused niches. The extensive diversity in the Orchidaceae, due
to the frequent interspecific hybridization, convergence in floral morphology and identification of
cryptic species and new species in new habitats (Colwell et al., 2007; Sheviak and Jennings, 2006)
have caused much confusion among taxonomists. Taxonomy of orchids is still largely based on
morphological differences, which may exhibit intraspecific variation and be environmentally
variable. This very reason has become the starting point of incorrect taxonomic placements and
inconsistent nomenclature.
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Classification of Subfamilies in Orchidaceae
In a recent study by Givnish et al., (2015), fossil records suggest that Orchidaceae originated
approximately 112 Mya. According to the current classification (Chase et al., 2015), five lineages
have been identified as subfamilies. In the order of emergence in the evolutionary tree of
Orchidaceae, they are Apostasioideae, Vanilloideae, Cypripedioideae, Orchidoideae and
Epidendroideae. Apostasioideae is the lineage that diverged first and is sister to the other four
lineages. Apostasioideae has only two genera and they are restricted to the Southeastern Asia.
Vanilloideae, was recently elevated as a subfamily (Cameron et al., 1999). This subfamily includes
ca. 250 species in 15 genera and are mostly tropical. The subfamily Cypripedioideae, known as the
“Slipper Orchids” are widespread, expect for the regions of Africa and Australia. There are 155
species within five genera classified under this subfamily (Hágsater, 2005). Epidendroideae, is found
to be the most diverse group, with regards to the number of species, habitats occupied, and
reproductive strategies (Hágsater, 2005). The number of species is estimated to be 14,763 (Neyland

and Urbatsch, 1996). A comparatively high diversity is also found in the subfamily Orchidoideae
(i.e, more than 210 genera with ca. 5000 species), and species diversified in all continents except
Antarctica. The focus of this dissertation is the genus Platanthera, which is included in subfamily
Orchidoideae.

Taxonomy of genus Platanthera Rich
Platanthera Rich. is one of the most speciose genera of temperate orchids. Platanthera is a
member of the tribe Orchideae, which includes approximately 1,300 species of terrestrial orchids in
57 genera (Hapeman and Inoue, 1997). Platanthera has been a point of interest for many botanists
interested in Orchidaceae because it is one of the foremost systems to study many different aspects in
systematics and evolutionary biology such as speciation (Givnish et al., 2015; Xu et al., 2012),
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diversity of pollination syndromes (Boland, 1993; Little et al., 2005; Maad and Alexandersson, 2004;
Maad and Nilsson, 2004; Sheviak, 2001), and interspecific hybridization (Catling and Brownell,
1999; Wallace, 2006). Platanthera and allied genera have a long and complex taxonomic history
(Bateman, 2009). Historically, many American taxonomists working on orchids have had a broad
taxonomic view of the genus. In recent taxonomic revisions, though, Platanthera had been
recognized as a distinct genus relative to Habenaria (Case, 1987; Homoya, 1993; Luer, 1975; Smith,
1993). Dressler (1993) goes further, placing Platanthera and Habenaria into different sub-tribes of
tribe Orchideae. The East Asian monotypic Neolindleya was also included in Platanthera (Kraenzlin,
1913; Vyshin, 1996), and Piperia and Diphylax were assigned to this genus on the basis of new
molecular phylogenetic data (Bateman et al., 2009). Platanthera taxonomic classification has been in
a constant state of flux during the last century due to several reasons. One of these reasons is that
Platanthera is a rather poorly known genus, which is mainly due to the paucity of knowledge of
numerous Asiatic and some southern North American representatives of the genus (Efimov, 2011).
This can be a consequence of the inconspicuous growth habit and the comparatively small flowers of
some Platanthera species that make them overlooked by collectors (Efimov, 2011). Additionally,
another reason for the taxonomic ambiguity is that most detailed treatments have been regionally
restricted because taxonomists from different regions of the world have mainly focused on the
species restricted to those regions. For example, detailed taxonomic studies of the genus based on
extensive morphological scrutiny were undertaken for Japan and Taiwan by Ken Inoue (Inoue, 1982,
1983; Inoue and Lin, 1980). Analyses have also been done for the species in the Korean peninsula
and species reaching Russia (Efimov, 2006; Efimov, 2007a, 2007b). Other taxonomic studies of the
genus include mainly treatments in different ‘floras’, of which ‘Flora Reipublicae Popularis Sinicae’,
‘Flora of China’ and ‘Flora of North America north of Mexico’ cover the most species rich territories
for Platanthera in the world (Efimov, 2011). To date, three molecular phylogenies covering diversity
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across Platanthera s.l. have been published (Bateman et al., 2003; Bateman, 2009; Hapeman and
Inoue, 1997). These studies have helped to resolve evolutionary relationships among the close
relatives of Platanthera, including Habenaria, and Piperia, but they have not adequately resolved
relationships within Platanthera. Numerous well-supported clades have been identified consistently
in these phylogenetic analyses. Comparatively, the above- mentioned three studies show a gradual
improvement in the number of Platanthera samples which had been used in each study.

Figure 1.1

Plant form and the floral morphology of Platanthera.

A: Inflorescence with flowers in bloom in Platanthera huronensis, B: Platanthera ciliaris with
fringed lips, long spurs and orange flowers, C: Platanthera dilatata with entire lip without
fringe, medium length spurs and white flowers. A less dense inflorescence is shown in B
compared to a denser inflorescence in C, (Images from L.E. Wallace).
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Taxonomic circumscription within Platanthera has long been controversial (Bateman, 2009;
Efimov, 2016). Morphological characteristics, specifically the column structure has been extensively
used in delimiting the species of Platanthera (Bateman et al., 2009; Efimov, 2016). Some of the
common floral traits that have marked utility in delimiting Platanthera species are features of the

inflorescences, lip and nectar spur (Figure 1.1). Inflorescences have a few to many flowers that
are usually resupinate (exceptions include Platanthera nivea and Platanthera calceoliformis)
(Efimov, 2016). The lip or labellum is either lobed or 3-partite with entire to fringed margins.
Flowers are sometimes showy and include colors of white, green, yellow, orange, and purple and
with petals entire to fringed or emarginate. The majority of the species have a nectar spur,
developed as an extension at the base of the lip, except for some species like P. stenochila
(Efimov, 2016). In the gynostemium, each pollinarium include a viscidium, caudicle and pollinium.
In addition to this notable difference in flowers, Platanthera can be distinguished from other closely
related genera such as Habenaria by elongate (not roundish) tuberoids that taper into a root-tip
(Efimov, 2016).

The study by Hapeman and Inoue (1997) resolved five monophyletic clades in the in the
molecular phylogeny of Platanthera, but they were not well-supported. The infrageneric
classification of Platanthera in the recent revision by Efimov (2016) is mainly based on
morphological data and evidence from previous molecular phylogenetic analyses (Bateman et al.,

2009; Hapeman and Inoue, 1997; Jin et al., 2014). According to Efimov’s (2016) treatment
Platanthera has been classified into five subgenera, Blephariglottis, Fimbriella, Limnorchis,
Platanthera, and Tulotis. However, all species that are currently recognized in the genus have
not been classified in this treatment.
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Platanthera subgenus Limnorchis
Platanthera Subgenus Limnorchis is primarily a North American group and largely
boreal and montane. Collectively, the subgenus is distributed from the western cordillera of
North America to the East and Southwest, with species extending into Mexico, Iceland, and
possibly to Japan (Sheviak, 2002) (Figure 1.2).

Figure 1.2

Geographic distribution of Platanthera subgenus Limnorchis in North America,
Asia, Canada, Iceland, and Greenland.

The first species of Limnorchis was described as Orchis hyperborea L. (Linnaeus, 1767).
Limnorchis species exhibit diversity in floral color, with white, green, or yellowish flowers. In
addition to morphological variation, subgenus Limnorchis shows chromosomal variations with
frequent incidents of polyploidy, which is a prominent deviation from the chromosomal
consistency of 2n = 42 in Orchidinae, (Bateman et al., 2009). These variations in floral structures
and ploidy levels of other closely related taxa have sometimes been used to confirm the
6

monophyly of subgenus Limnorchis as they help to prove that they do not belong to Platanthera
subgenus Limnorchis (Efimov, 2011). When compared with the other subgenera of the
Platanthera clade, subgenus Limnorchis is less conspicuous in its appearance but more complex
in its taxonomic status (Wallace, 2002). The taxonomy of subgenus Limnorchis is as storied as
the entire genus. Some authors treated all of the morphological variants in one polymorphic
species (Kraenzlin, 1893), whereas others such as Rydberg (1901) created a new genus for the
complex, Limnorchis and recognized 24 species. As he described, the genus is characterized by
“leafy-stemmed plants with elongated fusiform root-like tubers and fleshy-fibrous roots, flowers
whitish or greenish or tinged with purple; upper sepal ovate to almost orbicular, erect, 3-7-nerved
but usually 5 –nerved, lateral sepals from linear to ovate-lanceolate, free from the lip, 3-nerved,
seldom 4-5-nerved, spreading or often somewhat reflexed, upper petals erect, usually slightly
shorter than the upper sepal, from narrowly to broadly lanceolate, 3-nerved, oblique at the base
and semi-cordate, that is cordate on the lower side, lip entire, usually indistinctly nerved, flat or
slightly concave, reflexed, free, not clawed, from linear to rhombic-lanceolate, obtuse, column
short and thick ; anther-cells parallel, opening in front; stigma broadly triangular; ovary sessile,
in fruit elongated ellipsoid” (Rydberg, 1901). While many of these morphological traits in
flowers, roots and stem are important in delimiting species, homoplasy that had been observed in
some morphological traits (Hapeman and Inoue, 1997) prompted the need of additional
molecular datasets along with morphological data, to reconstruct evolutionary relationships and
thereby species delimitation.
A major drawback in recent molecular phylogenetic analyses on subgenus Limnorchis is
the limited sample size. For instance, Hapeman and Inoue (1997) provided evidence for
monophyly of this subgenus, but they only included four taxa from subgenus Limnorchis in their
7

study. In addition to placing these new species and previously unsampled species in a
phylogenetic context, many questions remain concerning intraspecific taxa and the relationship
of allied species in Mexico and Japan to those in North America. This project seeks to develop a
robust phylogenetic framework that includes as many species and multiple variable markers as
possible to better understand phylogenetic and morphology diversity of subgenus Limnorchis.
The implication of having a sound phylogenetic hypothesis is the ability to evaluate potential
drivers of and locations of species’ diversification. Different approaches were considered to
reconstruct a phylogeny, including development of Exon-Primed Intron-Crossing (EPIC)
markers (Ishikawa et al., 2002), ITS regions from nuclear ribosomal DNA (nrITS), and low-copy
nuclear (LCN) regions.
Phylogenomic approach with customized DNA Baits
With the need for access to additional genetic markers to infer plant phylogenies with
maximal support, target capture methods have become a popular and a promising approach to
resolve the blurred boundaries of many taxonomically perplexing groups of species (Folk et al.,
2015; Nicholls et al., 2015). Even though there is evidence that the success of target capture is
not influenced by the degree of the relatedness between the species of interest and the species
used to design the biotinylated DNA baits (Buddenhagen et al., 2016; Johnson et al., 2016), bait
sets that were customized for a particular genus or family have been able to achieve a greater
sequencing depth and coverage (Folk et al., 2015). Low-copy nuclear genes are presumably
unlinked genetic markers that occur as a single copy per chromosome (Mort and Crawford,
2004) and rich in phylogenetically informative sites (Sang, 2002). Low-copy nuclear genes for
phylogenetic reconstruction have now eliminated the need of using uniparental chloroplast
markers or biparental nuclear markers which often do not provide sufficient resolution in shallow
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evolutionary histories of closely related taxa (Baldwin et al., 1995; Soltis and Soltis, 1998).
Capacity to capture the variability in both exon and intron regions is a main concern in recent
developments of customized bait sets (Folk et al., 2015; Johnson et al., 2016). Exons are known
to have relatively low rates of nucleotide substitution as they are under strong purifying selection
to eliminate deleterious mutations (Gaut, 1998) while introns in the LCN genes are rapidly
evolving. These different mutation rates in LCN genes allow for questions at different
evolutionary scales to be addressed more effectively.
With a resolved phylogeny, the hypotheses that were tested in this study are, 1) EPIC

markers provide a variable toolkit to test the monophyly of subgenus Limnorchis, 2) when
considering many more species, subgenus Limnorchis is a monophyletic clade within Platanthera,
3) Western North America figures prominently in the biogeographic history of the subgenus, with
extensive diversification of taxa occurring in the Rocky Mountains, 4) Floral morphological
characters display convergent evolution in phylogenetically distant species due to similarities in
adaptations for closely related pollinators.
To test these hypotheses, different molecular and morphological datasets were created.
Among the molecular datasets are the multi-locus EPIC and ITS datasets and the extensive
supercontig dataset made with 617 LCN loci. Quantitative and discrete floral morphological datasets
were created by collating data from Scanning Electron Microscopy and stereo microscopy of
herbarium and spirit preserved specimens. A geographic dataset was assembled based on the current
geographic distribution of species.

Significance
Within subgenus Limnorchis, the results of this project will contribute to the identification of
evolutionarily distinct lineages and resolve relationships among them. Molecular toolkits that are
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developed can be utilized across Platanthera and will aid in resolving infrageneric and intraspecific
relationships. Results of the morphological diversity analysis will contribute to improve the limited
amount of micromorphology data currently available for subgenus Limnorchis and can be utilized in
future taxonomic revisions. Many species of this subgenus are rare, and it is expected that there are
cryptic taxa that have not yet been identified. Results from this project will contribute to a taxonomic
revision of the subgenus that can aid in the identification and protection of the rare and common taxa.
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CHAPTER II
UTILITY OF NON-CODING REGIONS AS GENETIC MARKERS FOR UNDERSTANDING
EVOLUTIONARY DIVERSIFICATION IN PLATANTHERA SUBGENUS LIMNORCHIS
(ORCHIDACEAE)
Introduction
Studying the unique evolutionary patterns and addressing questions related to the specific
evolutionary relationships in non-model plant systems is challenging due to the lack of known,
versatile, genetic regions and their level of genetic polymorphism. To date, different marker
systems have been used in molecular phylogenetics of plants. Among the most popular have
been sequences of the Internal Transcribed Spacers (ITS) (Álvarez and Wendel, 2003),
sequences of plastid regions (Soltis and Soltis, 1992), Random Amplification of Polymorphic
DNA (RAPD) (Wilkie et al.,1993), allozymes (Estoup et al., 1998), and microsatellites
(Robinson and Harris, 1999). However, their utility is restricted due to some common
drawbacks such as a high frequency of null alleles and occurrence of size homoplasy (Tay et al.,
2008) in markers such as microsatellites. The ITS region of nuclear ribosomal DNA (nrITS) has
been a common choice because of its greater discriminatory power over plastid regions at low
taxonomic levels (Hollingsworth et al., 2011). Introns and inter-genic regions are often found to
have greater nucleotide polymorphism than exons (Graur and Li, 2000), and therefore have been
considered suitable for phylogenetic reconstruction of closely related species (Creer, 2007).
Because introns are “spliced out” in the formation of mature RNA molecules (Creer, 2007), they
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are expected to be less functionally constrained compared to exons. As a result, introns often
display high levels of genetic polymorphism (Palumbi, 1996). Introns are abundant in many
eukaryotic genes and can be amplified by designing primers within adjacent exon regions that
tend to be conserved in their sequence across closely related species (Aitken et al., 2004; Creer et
al., 2005). Because of their polymorphism, introns have become the ideal candidates to build
multi-locus phylogenies for shallow taxonomic levels (Zhang and Hewitt, 2003). Our ability to
target introns across the genomes of plants has evolved from using a few well-characterized
genes with Sanger sequencing to hundreds of genes with next generation sequencing approaches.
This is due in part to the use of Exon-Primed Intron-Crossing (EPIC) markers (Ishikawa et al.,
2002) which allow for the detection of polymorphisms across intron regions by using primers
that anneal to conserved flanking exon regions (Endersby et al., 2009). Multi-gene phylogenies
can trace shallow and deep evolutionary histories because they are likely to vary in their degree
of polymorphism (Palumbi and Baker, 1994; Slade et al., 1993). Although EPIC markers are not
void of problems, the occurrence of allele dropout and null alleles is expected to be minimal,
since primer annealing sites are specifically designed from evolutionarily conserved coding
regions (Palumbi, 1996). Problems such as being physically associated with mobile elements are
also minimal when using EPIC markers (Ji and Zhang, 2004; Megle´cz et al., 2004, 2007; Van’t
Hof et al., 2007; Zhang, 2004). To date, many evolutionary biologists have utilized EPIC
markers in both plant and animal systematic studies, for example to reconstruct phylogenies in
pteridophytes (Ishikawa et al., 2002) and flowering plants (Gostel and Weeks, 2014; Yao et al.,
2013) and to understand phylogeographic patterns of ants (Ströher et al., 2013). However, EPIC
markers have not been used in systematic studies of family Orchidaceae. A major goal of this
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study was to test the EPIC marker approach for developing new molecular markers that could be
used in phylogenetic reconstruction of orchids in the genus Platanthera.
Platanthera is one of the largest genera of temperate orchids, with between 123 (Efimov,
2016) and 200 (Sheviak, 2002) species occurring in North America, Asia, Europe, North Africa,
Borneo, and Sarawak. Major centers of diversity are western North America and eastern Asia
(Hapeman and Inoue, 1997). Platanthera has experienced tremendous radiation in floral forms
and pollination syndromes (Figure 2.1) and is considered as a model for understanding the role
of pollinators in orchid speciation (Hapeman and Inoue, 1997).
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Figure 2.1

Cladogram illustrating pollinator syndrome evolution in Platanthera on an ITSderived phylogeny (Hapeman and Inoue, 1997).

Despite its diversity, a sound phylogenetic hypothesis for the group is lacking. Hapeman
and Inoue (1997) suggested there are at least five sections within the genus, and four of these
exhibited strong bootstrap support from an analysis of ITS sequences, but their sampling of taxa
was not exhaustive and relationships between these sections were poorly supported in their
analysis. Some of these clades have been supported as divergent groups in a subsequent analysis
that included additional samples but were again based solely on ITS sequences (Bateman et al.,
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2009). One of the intrageneric groups that has consistently been recognized as morphologically
and genetically distinct is subgenus Limnorchis. In fact, recognition of the cohesion of species in
this group and their distinctiveness relative to other Platanthera species groups dates back to
Rydberg’s (1901) treatment over a century ago. While there is strong evidence for the
monophyly of subgenus Limnorchis, the taxonomic boundaries of this group have not been
established, and issues abound within some species complexes (Adhikari and Wallace, 2014;
Bateman et al., 2009; Wallace, 2003)). Thus, I targeted the development of EPIC markers for
use in phylogenetic reconstruction of subgenus Limnorchis but also tested for cross-amplification
in other Platanthera species as phylogenetic studies across the entire genus are sorely needed.
Locus polymorphism and phylogenetic reconstruction of subgenus Limnorchis with the newly
developed EPIC markers were compared to polymorphism and a phylogeny using ITS
sequences, the only marker thus far used in published phylogenies of Platanthera.
Materials and Methods
Sample collection
Taxon sampling largely followed the treatment of Efimov (2016). In this taxonomic
revision 11 diploid species are identified within subgenus Limnorchis. Eight of the eleven diploid
species of Limnorchis were included in this study. Three species were excluded because I was
unable to obtain samples. Species that were sampled include Platanthera dilatata (Pursh) Lindl.
ex Beck, Platanthera aquilonis Sheviak, Platanthera limosa Lindl., Platanthera sparsiflora (S.
Watson) Schltr., Platanthera purpurascens (Rydb.) Sheviak & Jennings, Platanthera stricta
Lindl, Platanthera zothecina (L.C. Higgins & S.L.Welsh) Kartesz & Gandhi, and Platanthera
tescamnis Sheviak & W.F. Jenn. In addition to Efimov’s (2016) circumscription, a ninth species,
Platanthera yosemitensis Colwell, Sheviak & P.E.Moore was sampled because it is considered to
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be closely related to members of subgenus Limnorchis (Colwell et al., 2007). Samples of
Platanthera brevifolia (Greene) Kraenzlin, Platanthera calderoniae López-Ferr. and Espejo, and
Platanthera holochila (Hillebr.) Kraenzlin could not be obtained. Five outgroup taxa Platanthera
leucophaea (Nutt.) Lindl., Platanthera orbiculata (Pursh) Lindl., Platanthera clavellata
(Michx.) Luer, and Platanthera elegans Lindl. were used to test the EPIC markers outside of
subgenus Limnorchis. Platanthera chlorantha (Custer) Rchb. was additionally used to test the
ITS markers along with the above outgroup taxa. Two to five samples of each species of
subgenus Limnorchis were included to test for intraspecific polymorphism. Voucher specimens
of the sampled populations are deposited at The Ohio State University Herbarium (OS) and
Mississippi State University Herbarium (MISSA), New York State Museum Herbarium (NYSM)
and University of California State University Herbarium, Sacramento (SACT) (Appendix Tables
A.1 and A.2).
Assembly of transcriptomes
To develop EPIC markers, assembled transcriptome sequences from leaves of two
samples of P. dilatata var. dilatata (Wallace, unpublished data) (Appendix Table A.1) were
compared to known single or low copy genes in Arabidopsis thaliana L. using BLAST searches
in the software MarkerMiner (Chamala et al., 2015). In this step, 38 matches were identified as
strictly single copy in flowering plants and 702 matches were identified to be mostly single copy
genes across flowering plants. Matching orchid sequences were then aligned to homologous
sequences in Oryza sativa L. and examined for the presence of intron-exon boundaries identified
in O. sativa. Based on these comparisons, regions were selected for designing flanking primers
in Platanthera. An assumption was made that the length of the intronic region of O. sativa is
approximately similar in Platanthera. Strictly and mostly single copy genes containing
20

matching sequences in both orchid samples (n = 308) were targeted for primer development.
Regions expected to be 500-1500 bp in size, including the intron, were randomly selected for
primer design using the Primer3 (Rozen and Skaletsky, 1999) application in Geneious v8.0
(Kearse et al., 2012). Regions were selected across all 12 linkage groups of O. sativa under the
assumption that this also represents variation across the genome of Platanthera. Fifty-eight
primers (Appendix Table A.3) for intronic loci, targeting an amplicon between 200 and 1000 bp
in size were developed and tested in species of subgenus Limnorchis and the outgroup taxa.
Genomic DNA extraction and amplification
Genomic DNA extractions were made from frozen and silica-dried leaf samples using a
modified CTAB procedure (Doyle, 1991) or a DNeasy Plant Mini kit (Qiagen, Germantown,
MD). Intronic regions were amplified using 58 EPIC primer sets through polymerase chain
reaction (PCR). These 10 uL reactions contained 1.5 uL DNA (concentration unknown), 2X
LongAmp Buffer (New England Biolabs, Ipswich, MA), 1.25 mM dNTP’s, 0.4 uM of each
primer, and 0.2 units LongAmp Taq DNA polymerase. The thermal cycler program was 94C for
30 sec; 30 cycles of 94C for 10 sec, 55C for 1 min., 65C for 4 min.; 65C for 10 min.; hold at
15C. The nuclear rDNA region (ITS-1 spacer, 5.8S, and ITS-2 spacer; hereafter referred to as
ITS), was amplified in 10 uL reactions containing 1.5 uL DNA (concentration unknown), 2X
LongAmp Buffer (New England Biolabs, Ipswich, MA), 1.25 mM dNTP’s, 0.4 uM of each
primer; ITS-Leu1 (5'-GTCCACTGAACCTTATCATTTAG-3’, designed by L. Urbatsch) and
ITS4 (White et al. 1990), 0.1 uL 50X DMSO (New England Biolabs, Ipswich, MA), and 0.25
unit LongAmp Taq DNA polymerase. The thermal cycler program was 94C for 2 min., 50C for 1
min., 72C for 1 min., 30 cycles of 94C for 1 min., 50C for 1 min., 72C for 45 sec., 72C for 5
min., hold at 4C. Testing of markers was done in two rounds. First, all the primers were tested
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with only two DNA samples from P. dilatata and P. aquilonis. Then, the primers which
amplified clear bands were screened and tested again with additional samples. All amplifications
were verified by running a small amount on a 1.5% agarose TBE gel stained with ethidium
bromide. Amplifications producing a single band less than 1000 bp in size were cleaned using
0.2 units Antarctic phosphatase, 0.2 units Exonuclease I, and 0.2 units of Antarctic phosphatase
buffer (New England BioLabs, Ipswich, MA), under the following conditions: 37C for 15 min
and 80C for 15 min. Cleaned products were then sequenced bi-directionally using the Big Dye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Waltham, MA) and locus-specific
primers at the Arizona State University DNA Lab. Sequences were edited using Sequencher
version 5.4.6 (Gene Codes Corp., Ann Arbor, MI). Multiple sequence alignments for each gene
region were performed manually using Se-Al (Rambaut, 2010). Data were collected from 30
samples with the ITS markers and 31 samples with four EPIC markers (Appendix Tables A.1
and A.2).
Data Analysis
Phylogenetic analyses implemented under Bayesian inference (MrBayes v. 3.2.3;
Ronquist et al., 2012) were conducted using the CIPRES portal (Miller et al., 2012) on a four
gene EPIC dataset (Table 2.1) and ITS separately. A best fit model was determined for all
markers using JModelTest2 (Darriba et al., 2012, Guindon and Gascuel, 2003). ITS sequences
were analyzed under the GTR + G substitution model. Three different models were identified for
the four EPIC loci. These were HKY (2 loci), F81 + G, and HKY + G. These loci were
combined for the Bayesian analysis but analyzed under separate model parameters. For each
Bayesian analysis Markov Chain Monte Carlo (MCMC) was conducted using two runs and four
chains for 20 million generations with a sampling frequency of 1000. Prior to determining the
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posterior probability of the trees with the highest likelihood, a burn-in of 25% was used. A
consensus tree indicating posterior probability support for clades is presented. Molecular
diversity (based on the number of haplotypes and per site nucleotide diversity) of each gene and
for all the species was calculated for each taxonomic group using DnaSP v 5.10 (Librado and
Rozas, 2009) and MEGA 7 software (Kumar et al., 2018).
Table 1.1

Information on the four EPIC loci and the ITS locus used in the phylogenetic
analyses.

Locus

Total
length

EPIC 1G06470

510

Parsimony Gene in Arabidopsis thaliana
informative
sites
31
Importin alpha isoform 9

EPIC 3G19480

478

35

SET domain-containing protein

EPIC 8G24390

510

46

EPIC 10G04620

191

9

ITS

721

160

Pentatricopeptide repeat superfamily
protein
Alpha/beta-Hydrolases super family
protein
Ribosomal RNA

Results
Sixteen out of 58 EPIC primer sets resulted in the amplification of a single band of the
expected size except five primers that amplified bands that were inconsistent with the expected
product sizes, likely indicating a difference in the intron region between Platanthera and O.
sativa. Further testing of these 16 primers across species of subgenus Limnorchis resulted in four
EPIC loci that were variable. These 16 primers amplified across the outgroup taxa as well. Even
though some of the primers amplified a single band, some of these loci showed indel
polymorphism in sequences making them difficult to collect data using a Sanger sequencing
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approach. The ITS primers produced a single band for all samples tested in subgenus Limnorchis
and outgroup taxa.
Aligned regions of the four usable EPIC loci were 510 bp, 478 bp, 510 bp and 191 bp and
721 bp in the ITS dataset (Table 2.1). Bayesian phylogenetic analysis of the concatenated EPIC
loci showed variation among species of subgenus Limnorchis, even though a monophyletic clade
for the subgenus was not inferred (Figure 2.2). Bayesian phylogenetic analysis of ITS region
supported monophyly of subgenus Limnorchis relative to other species of Platanthera, (1.0 PP;
Figure 2.3) and five well- supported groups within the subgenus Limnorchis were resolved. They
were P. stricta (1.0 PP), P. dilatata (0.99 PP), P. aquilonis (1.0 PP), P. limosa (1.0 PP) and P.
purpurascens (1.0 PP).
Molecular genetic diversity and the number of parsimony informative sites were greater
in the ITS than any of the EPIC loci. The per site nucleotide diversity ranged 0.0015 - 0.0213 in
EPIC loci and the highest value of 0.0213 was observed at locus 8G24390 in P. dilatata. For
ITS, nucleotide diversity ranged 0.0009 - 0.0361 (Table 2.2). The percentages of parsimony
informative sites based on the total length were 22% in ITS and 6%, 7%, 9%, and 4.7% in the
four EPIC loci (Table 2.1). I identified 20 haplotypes based on ITS sequence variation. As
measured by number of haplotypes, P. stricta exhibited the highest variation in the ITS dataset
with five haplotypes. Platanthera dilatata and P. sparsiflora had the next highest level of
variation with four and three haplotypes each. In the EPIC data set, locus 8G24390 had the
highest variation, with a total of 13 haplotypes.
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Table 2.2

Comparison of nucleotide diversity of the five loci used. (N- number of sequences, h- number of haplotypes, Pi- per site
nucleotide diversity, NA- not available)
ITS

EPIC 1G06470

EPIC 8G24390

EPIC 10G04620

N

N

N

Species

N h Pi

N h

P. aquilonis

3

2

0.0009

5

NA

NA

5

2

0.0020

5

5

0.0199

5

NA

NA

P. dilatata

6

4

0.0019

7

3

0.0038

7

2

0.0015

7

2

0.0213

7

NA

NA

3

3

0.0361

4

3

0.0201

4

3

0.0139

4

NA

NA

4

2

0.0138

2

2

0.0029

2

2

0.0103

2

2

0.0174

2

2

0.0081

2

NA

NA

5

5

0.0031

3

NA

NA

4

NA

NA

4

NA

NA

4

3

0.0140

P. limosa

2

2

0.0014

2

2

0.0031

2

2

0.0168

2

2

0.0020

2

NA

NA

P. tescamnis

2

2

0.0088

2

2

0.0081

2

NA

NA

2

2

0.1215

2

NA

NA

P. sparsiflora
P. purpurascens
P. stricta

Pi

EPIC 3G19480
h

Pi
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h

Pi

h

Pi

Figure 2.2

Phylogenetic tree inferred from Bayesian analysis of 4 EPIC sequences under the
HKY, F81 + G, HKY + G, and HKY substitution models, respectively. Green
branches indicate species of subgenus Limnorchis. Black dots at nodes represent
posterior probability values greater than 0.95.
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Figure 2.3

Phylogenetic tree inferred from Bayesian analysis of ITS sequences under the GTR
+ G substitution model. The monophyletic clade of subgenus Limnorchis is
indicated in green. Black dots at nodes represent posterior probability values
greater than 0.95. Green triangles indicate clades of conspecific samples.
Discussion

Unique variations in floral morphology and ploidy levels of subgenus Limnorchis
compared to taxa in other subgenera of Platanthera have been used to suggest its monophyly
(Efimov, 2011). When compared with the other subgenera of the Platanthera, subgenus
Limnorchis is less conspicuous in its appearance but more complex in its taxonomic status
(Wallace, 2002). In the revision of the Flora of North America (FNA) (Sheviak, 2002),
comprehensive species descriptions of the genus Platanthera, including the putative species of
subgenus Limnorchis are included. Amongst these, there are 15 species that would fall within
subgenus Limnorchis based on Rydberg’s (1901) morphological descriptions. Since that
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treatment, new species have also been identified and named, including Platanthera tescamnis
(Sheviak, 2006) and Platanthera yosemitensis (Colwell et al., 2007). In the most recent treatment
of Platanthera by Efimov (2016) Limnorchis is elevated to the rank of subgenus, and 14 species,
including diploids, three polyploids and excluding any interspecific varieties have been
considered within Limnorchis. No studies have comprehensively tested for monophyly of the
described species of subgenus Limnorchis, although they have suggested its genetic
distinctiveness relative to other Platanthera species (Bateman et al., 2009; Hapeman and Inoue,
1997).
Based on my analysis of the ITS dataset, subgenus Limnorchis was recovered as a
monophyletic clade with a high posterior probability value of 1.0, compared to outgroup species
of Platanthera. By contrast, the four EPIC loci did not result in a monophyletic clade for
subgenus Limnorchis, but they did not indicate any polytomies compared to the ITS phylogeny.
The ITS phylogeny resolved well-supported monophyletic clades for samples of P. stricta, P.
dilatata, P. aquilonis, P. purpurascens, and P. limosa. Relationships among P. sparsiflora, P.
tescamnis, P. zothecina, and P. yosemitensis are not resolved with ITS (Figure 2.2). The
phylogenies based on ITS and the EPIC loci exhibited incongruence, which may be influenced
by the presence of missing data for some individuals due to indel heterozygosity.
A potential issue with the EPIC loci in this phylogenetic analysis is the indel variation
that makes direct sequencing of PCR products unreliable for all taxa. When sequencing diploid
allelic regions directly in methods like Sanger sequencing, heterozygous insertion-deletions are
read as mixed traces. These mixed traces in an alignment are often discarded as they cannot be
accurately interpreted (Dmitriev and Rakitov, 2008). Another potential limitation in some of the
EPIC primers tested was, the amplification of extremely large sequences (> 3000 bp), likely
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indicating the presence of multiple intronic regions within the amplified region, potentially, due
to the difference in the intron length between Platanthera and O. sativa. This pattern of
amplifying extremely large bands was observed in three of the tested primers. Without using
internal primers, the sequence data from these multiple intronic regions could not be obtained.
However, if novel sequencing approaches that entail reference-based sequencing or cloning are
utilized, then these EPIC regions could be sequenced in full length and may be more
phylogenetically informative (Mardis, 2008).
Conclusions
The phylogeny based on the ITS region inferred a supported monophyletic clade (100%
PP) for subgenus Limnorchis relative to other Platanthera species but relationships among all
species could not be resolved with this single marker. The EPIC loci developed for this project
showed variation among species of subgenus Limnorchis and may aid in increasing resolution in
areas of the ITS phylogeny that have not been resolvable. However, several of the EPIC loci
contained indel polymorphism within individuals, which presents a problem using direct Sanger
sequencing of PCR products. Although resolved haplotypes for these loci could be obtained
through cloning and sequencing of those clones, this becomes difficult in large datasets with
multiple markers. Instead, novel computational and molecular methods would more easily allow
for separation of heterozygous alleles. Next generation sequencing (NGS) approaches have
tremendous potential for collection of customized markers for individual study systems and
overcome issues like indel heterozygosity. Markers developed in this project may be utilized
with NGS methods in future work, are expected to amplify across Platanthera, and should be
useful in resolving phylogenetic relationships in closely and distantly related species, as well as
for intraspecific projects involving, for example, phylogeography, gene flow, and hybridization.
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CHAPTER III
RESOLVING THE MOLECULAR PHYLOGENY AND ANCESTRAL BIOGEOGRAPHIC
RECONSTRUCTION OF PLATANTHERA SUBGENUS LIMNORCHIS USING
TARGET CAPTURE METHODS.
Introduction
Platanthera Rich. is a species-rich genus of temperate orchids with extensive taxonomic
diversity in North America. Platanthera is a member of the tribe Orchideae, which includes
more than 1,700 species of terrestrial orchids in about 62 genera (Argue, 2012). Platanthera
species display extensive floral diversity, primarily in floral color, lip shape and spur length
(Hapeman and Inoue, 1997). Floral colors include white, green, yellow, orange and purple, while
lip shape varies from non-dilated to strongly dilated, lanceolate to deeply lobed, and fringed to
entire (Sheviak, 2002). Variation in spur length and spur shape are also prominent across the
genus. Members of Platanthera have radiated into diverse habitats such as, wet meadows,
tundra, marshes, stream banks, shores, seeping slopes, mesic deciduous forest slopes in the
regions of North America, Asia, Europe, North Africa, Borneo, Sarawak and Hawaii (Sheviak,
2002).
Platanthera has been a point of interest for many botanists interested in Orchidaceae
because it is one of the foremost systems to study many aspects in systematics and evolutionary
biology, such as speciation (Givnish, 2015; Xu et al., 2012), diversity of pollination syndromes
(Boland, 1993; Maad and Alexandersson, 2004; Maad and Nilsson, 2004; Little et al., 2005;
34

Sheviak, 2001), and interspecific hybridization (Catling and Brownell, 1999; Wallace, 2006).
Platanthera and allied genera have a long and complex taxonomic history (Bateman et al.,
2009). Orchid taxonomists have faced difficulties in circumscribing certain Platanthera species
due to extensive intraspecific morphological variation and the apparent presence of interspecific
hybrids (Catling and Catling, 1997; Schrenk, 1978; Wallace, 2003). To date, three molecular
phylogenies covering diversity across Platanthera sensu lato have been published (Bateman et
al., 2003; Bateman et al., 2009; Hapeman and Inoue, 1997). Numerous well-supported clades
have been identified consistently in these phylogenetic analyses, and these have helped to resolve
hypotheses of relatedness among the closely related genera Platanthera, Habenaria, and Piperia
(Bateman et al., 2003, 2009). These studies identified Piperia as the most derived species group
of North American Platanthera and revised this group as Platanthera section Piperia.
Furthermore, the grouping of Platanthera and Gymnadenia with Habenaria that was inferred
based on the morphology of rostellum was clearly refuted by the evidence of these phylogenetic
studies. However, they have not provided resolution of relationships among species within
Platanthera.
In the most recent study by Bateman et al., (2009) a moderately supported clade for the
genus Platanthera was resolved, and the authors recognized seven sections: Limnorchis, Lacera,
Tulotis, Lysias, Lysiella, Piperia and Platanthera. Some of these groups are weakly supported as
monophyletic clades in their analysis, but sections Limnorchis, Lacera and Piperia were wellsupported with bootstrap support of 100%. Nevertheless, none of these clades was sufficiently
sampled to demonstrate intra-sectional evolutionary patterns. The recent taxonomic treatment on
Platanthera by Efimov (2016) presents a sub-generic classification of five subgenera including
subgenus Limnorchis.
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The focus of the current study is subgenus Limnorchis. Subgenus Limnorchis was so
distinct to Rydberg (1901) that he considered it a distinct genus separate from Platanthera.
While there is strong evidence to suggest monophyly of subgenus Limnorchis in phylogenetic
analyses based on ITS (Bateman et al., 2009; Hapeman and Inoue, 1997), the majority of
recognized taxa in this group have never been included in phylogenetic analyses, and some
species complexes within this subgenus continue to be problematic (Adhikari and Wallace, 2014;
Wettewa et al., in review). Subgenus Limnorchis is primarily a North American group and
largely boreal and montane. The Pacific Northwest figures prominently in the biogeographic
history of the subgenus, with extensive diversification of taxa occurring throughout the Rocky
Mountains and Pacific coastal ranges. Species of Limnorchis are distributed from western
cordillera of North America to the East and Southwest, with species likely extending into
Mexico, Iceland, and possibly to Japan (Sheviak, 2002). Despite the floral morphological
diversity present, species of subgenus Limnorchis have bewildered orchid taxonomists in
delimiting species as some of these variations are intergrading and lack consistency as diagnostic
morphological traits (Sheviak and Jennings, 2006). Among the species considered to fall within
subgenus Limnorchis, flower color ranges from white to green, and spur length and lip dilation
vary among species. While most species in Platanthera are diploids, polyploidy is frequent in
subgenus Limnorchis (Bateman et al., 2009; Wallace, 2003).
Previous attempts at phylogenetic reconstruction of relationships among species of
subgenus Limnorchis with Internal Transcribed Spacer (ITS) and Exon-primed intron crossing
(EPIC) markers have aided in resolving major clades but have been unable to resolve most
species-level relationships (Chapter 2). Additionally, low thermodynamic stability, presence of
non-functional pseudogenes and paralogs can render ITS problematic as a marker for plant
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phylogenetic studies (Wendel et al., 1995; Mayol and Rossello´, 2001). Phylogenies that are
based on multiple markers are considered to be more robust. Here, I used target enrichment
(TE), or anchored hybrid enrichment, to collect data from more than 600 phylogenetically
informative low-copy nuclear (LCN) loci from taxa across subgenus Limnorchis. Target
enrichment uses short oligonucleotide probes or baits to capture specific regions of the genome
of interest and thereby allows one to sequence only targeted regions, avoiding the need for whole
genome sequencing (Mamanova, 2010; Turner, 2009). This is a more suitable option for
phylogenomic studies as it captures the homologous regions of the genome surrounding the
hybridized bait set in a non-random way, with a greater sequencing coverage, relative to other
genome reduction methods such as genome skimming (Hollingsworth et al., 2016). The primary
objective of this study was to use multi-locus data set for phylogenomic reconstruction of the
species that represent subgenus Limnorchis. The resulting phylogeny was used to determine if
subgenus Limnorchis is monophyletic relative to other Platanthera species, to identify the
taxonomic boundaries of this clade relative to other Platanthera species, and to reconstruct
biogeographic spread of species throughout North America.
With regard to biogeographic spread, I tested two alternative hypotheses: 1) The ancestor
of subgenus Limnorchis originated in the Northern Rocky Mountains of North America and
speciated southward into the Southern Rockies and Mexico and northward into Alaska, the
Aleutian Islands, and possibly reaching East Asia, or 2) The ancestor of subgenus Limnorchis
has an East Asian origin and species diversified in North America from north to south after
migrating through Beringia. Based on the current species distribution of subgenus Limnorchis in
western North America and an estimated age of less than 10 million years, which was estimated
as the age of the whole genus Platanthera (Givnish et al., 2015), biogeography of this subgenus
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is likely to have been shaped by the historical events that occurred in western North America
during the Pleistocene, including uplifting of the Rocky Mountains and Western Cordillera. Such
events have been found to be important to diversification of other taxa in this region through the
creation of ecological barriers that promoted adaptive radiations into specific niches and disjunct
distributions among some taxa (De Chaine and Martin, 2005; Shafer et al., 2010). Based on
species distributions’ in subgenus Limnorchis, it is long been considered primarily a “North
American group”, due to their prominent presence in the northern, southern and the eastern parts
of the North America. Species diversity is greatest in the Pacific Coastal Ranges and Rocky
Mountains of western North America. Platanthera dilatata (Pursh) Lindley ex L. C. Beck,
Platanthera aquilonis Sheviak and Platanthera huronensis (Nutt.) Lindl. occur in northeastern
and western North America. The subgenus has also made it outside of North America to the east,
with one species occurring in Greenland and Iceland. The subgenus does not appear to have
colonized Europe, but the affinity of some Asian species to subgenus Limnorchis remains
unclear (Inoue, 1983; Wettewa et al., in review). Platanthera holochila (Hillebr.) Kraenzlin,
which is hypothesized to be a part of subgenus Limnorchis, is endemic to Hawaii.
Materials and Methods
Taxon sampling
The circumscription of species in subgenus Limnorchis provided by Efimov (2016) was
followed. Aiming at improving a greater representation and a better resolution, all diploid,
putative members of subgenus Limnorchis except Platanthera brevifolia (Greene) Kraenzlin,
Platanthera calderoniae López-Ferr. and Espejo, and Platanthera holochila (Hillebr.) Kraenzlin
were sampled for this study (Table 3.1). I attempted to sequence P. holochila, an endangered
endemic of Hawaii, but could not obtain usable DNA extracts. Samples of the other two species
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could not be obtained. Subgenus Limnorchis has the three polyploid species, P. hyperborea
(Harmsen, 1943; Löve and Löve, 1956), P. huronensis (Sheviak, 2002, Wallace, 2003) and P.
convallariifloia (Rice et al., 2015; Sheviak, 2002). To avoid the potential complexities to
phylogenetic analysis that can be caused by the inclusion of polyploid species, I did not
incorporate any of them in the final dataset for this study. Thus, the final data set included nine
species and the three varieties of P. dilatata. I included multiple accessions per species when
possible. Nine species from all other subgenera of Platanthera as defined by Efimov (2016) were
sampled as outgroup taxa (Table 3.1). These included Platanthera leucophaea (Nutt.) Lindl.,
Platanthera orbiculata (Pursh) Lindl., Platanthera clavellata (Michx.) Luer, Platanthera lacera
(Michx.) G. Don, Platanthera ciliaris (L.) Lindl., Platanthera obtusata (Banks ex Pursh) Lindl.,
Platanthera hologlottis Maxim., P. tipuloides var. behringiana (Rydb.) Hultén and Platanthera
elegans Lindl. In total, sequences from 23 samples were used in the analyses for this study.
Voucher specimens of these samples are deposited at The Ohio State University Herbarium
(OS), Old Dominion University Herbarium (ODU), New York State Museum Herbarium
(NYSM), Oakes Ames Orchid Herbarium (AMES) at Harvard University or California State
University Herbarium, Sacramento (SACT) (Table 3.1). Included samples were collected from a
wide geographic distribution including the US, Canada and Japan, (Table 3.1) to represent the
wide geographic distribution of subgenus Limnorchis and to identify possible cryptic taxa within
species with widespread distributions.
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Table 3.1

Voucher specimen information and the geographic distribution of sampled
Platanthera taxa. Geographic distributions area based on Sheviak (2002).

Species

Species distribution

Collection
locality

Voucher
specimen

Herbarium

1. P. aquilonis

Northern United States, Canada,
Alaska, Northwest, Mexico

LEW225

OS

2. P. aquilonis

Northern United States, Canada,
Alaska, Northwest, Mexico

MK15217

ODU

3. P. dilatata var.
albiflora
4. P. dilatata var.
dilatata
5. P. dilatata var.
leucostachys
6. P. limosa

Western United States, Canada,
Alaska
Northeastern and western United
States, Canada, Alaska
Western United States, Canada,
Alaska
Arizona, New Mexico, Mexico,
Central America
Southern Rockies, New Mexico,
Arizona
Southern Rockies, New Mexico,
Arizona

Crystal bog,
Aroostook Co.
Maine
BC Peace River
area, British
Columbia
Swift Creek

LEW261

MISSA

LEW220

OS

Truckee,
California
Cochise County,
Arizona
Albany County,
Wyoming
Italianus
Canyon, New
Mexico
Lynn County

Datwyler
148
Sheviak
7002
Sheviak
6493
LEW 345

SACT

LEW230

OS

Trinity County,
California
Talkeetna
mountains,
Alaska
Mono County,
California
Yosemite,
California

Sheviak
6992
Sheviak
6400

NYSM

Sheviak
6518
Sheviak
6998
Sheviak
6527

NYSM

Wieboldt
9034
Harvill
14780
LEW 340

ODU

Mitsuaki
Toyoshima

Herbarium
of Mitsuaki
Toyoshima

NA

ODU

Subgenus Limnorchis

7. P. purpurascens
8. P. purpurascens
9. P. sparsiflora

Pacific Northwest, Mexico

10. P. stricta

Pacific Northwest, Canada

11. P. stricta

Pacific Northwest, Canada

12. P. tescamnis
13. P. yosemitensis

Southern Rockies, Great Basin and
Colorado Plateau
Sierra Nevada, California

14. P. zothecina

Pacific Northwest

Outgroup taxa
15. P. ciliaris
16. P. clavellata
17. P. elegans
18. P. hologlottis

19. P. lacera

Eastern and central Canada and the
United States
Central and Eastern Canada and the
United States
West coast of North America,
Montana
Japan, Korea, Russia (Far East)

Central and eastern Canada and
United States
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Lee County,
Virginia
Virginia
Telma,
Washington
Japan, Honshu,
Akita,
Jinbeinuma,
Uwamachi
Native plant
garden, Norfolk
Botanical
Garden, Virginia

NYSM
NYSM
MISSA

NYSM

NYSM
NYSM

ODU
MISSA

Table 3.1 (continued)
Species
Outgroup taxa
20. P. leucophaea
21. P. obtusata
22. P. orbiculata
23. P. tipuloides var.
behringiana

Species distribution

Collection
locality

Voucher
specimen

Herbarium

Mid-western United States
Canada, northern Mid-Atlantic,
New England
Northeastern & western United
States, Canada, Alaska
Northern Canada and the United
States, Alaska
Aleutian island, Japan

NA

NA
NYSM

Washington

Sheviak
6473
LEW 339

Aleutian Islands

VAN63685

AMES

MISSA

Herbarium acronyms are as follows: MISSA = Mississippi State University; NYSM = New York
State Museum; ODU = Old Dominion University; OS = Ohio State University; SACT =
California State University, Sacramento herbarium.

Bait design to capture low copy loci
To identify strictly and mostly single copy loci across Platanthera, two leaf
transcriptomes of P. dilatata were sequenced (Wallace, unpublished data). These transcriptome
assemblies were used as input sequences to identify LCN loci using MarkerMiner 1.0 software
(Chamala et al., 2015). I used Arabidopsis thaliana (L.) Heynh. genome as a reference to identify
putative LCN genes in Platanthera. The identified orchid sequences were then aligned to
homologous sequences in Oryza sativa L. and examined for the presence of intron-exon
boundaries as defined for O. sativa. Based on these comparisons, exonic regions were selected to
design probes specific to P. dilatata. In the absence of having actual intronic sequence data, I
assumed that the lengths of the intronic regions of P. dilatata are similar to those of O. sativa. In
total, 632 LCN genes were identified as input sequences to design custom baits by Arbor
Biosciences (Ann Arbor, Michigan). These input sequences had a total length of 2,954,855 bp
(individual sequence length ranged from 818 to 26,572 bp) and were repeat masked for simple
repeats and those identified in Asparagales, the order that includes Orchidaceae. Baits were
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designed to be 90-bp in length and tiled at 3x coverage of the targeted loci, resulting in 19,700
baits. After applying moderate filtering criteria and removing baits that were repeat masked for
more than 25% of the length, 19,590 baits were retained. An in-silico bait screening was done by
a BLAST search against the Phalaenopsis equestris (Schauer) Rchb.f. genome to ensure that
there were no matches to the orchid plastid sequence, nor were there any baits that could
potentially cross-hybridize in the reverse orientation.
DNA extraction and dual-indexed library preparation for target capture Sequencing
Genomic DNA (gDNA) was extracted from fresh leaf samples, silica-dried leaf samples
or herbarium specimens using a modified CTAB procedure (Doyle and Doyle, 1987), a DNeasy
Plant Mini kit (Qiagen, Germantown, MD), or a Synergy 2.0 Plant DNA Extraction kit (OPS
Diagnostics, Lebanon, NJ). Extracted gDNA was quantified using a Qubit® Fluorometer v 2.2
(Thermo Fisher Scientific, Waltham, MA, United States). One microgram of gDNA in 60 μ L
was sonicated using a Bioruptor® Pico sonication device (Diagenode s. a. Belgium), targeting a
fragment size of 300- 500 bp. Libraries were prepared with 55.5 μ L of sonicated DNA, using a
NEBNext Ultra kit (New England Biolabs, Ipswich, Massachusetts, USA), following the
manufacturer’s protocols with the following modifications: size selection aimed for a 300–500bp range (i.e., 30 μ L AM XP beads [Beckman Coulter, Brea, California, USA] for the first sizeselection step, and 15 μ L for the second step), and PCR amplification used six cycles. Libraries
were barcoded using NEBNext Multiplex oligos (New England Biolabs, Ipswich, Massachusetts,
USA). Library quality was verified using an Agilent Bioanalyzer High Sensitivity DNA chip
(Agilent Technologies, Santa Clara, California, USA), and libraries were again quantified by
Qubit. Any libraries that were too dilute for sequence hybridization were concentrated in a
vacuum centrifuge.
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Target enrichment by hybridization with baits
MyBaits® in-solution hybridization protocol (version 3) was used to enrich the libraries
with the custom baits kit. Eight equimolar libraries were pooled for hybridization to baits. Each
MyBaits® reaction had 480 ng total input DNA in 7 μ L (60 ng each), and hybridization was
conducted at 65 ° C for 36 h following the manufacturer’s protocol. Post-hybridization PCR
amplification was done using NEB Q5 master mix and P5, P7 universal primers (New England
Biolabs, Ipswich, Massachusetts, USA) with an annealing temperature of 60 ° C, an elongation
time of 45 s, 20 total cycles, and 15 μ L of enriched library. Amplified libraries were cleaned
using 0.8X volume of AMPure XP beads (Beckman Coulter, Brea, California, USA). Before the
libraries were quantified and sequenced, I verified that they contained enriched products relative
to an unenriched library. This was done using a relative qPCR for 8 LCN loci (Appendix Table
B.1) to represent a small portion of the targeted loci by the baits as was done by Faircloth et al.
(2014). The qPCR primers were designed using the PrimerQuest® Tool of Integrated DNA
Technologies Inc. (Coralville, Iowa, USA). I set up a relative qPCR by amplifying two replicates
of 1 ng of enriched DNA from each library at all eight loci and comparing those results to two
replicates of 1 ng unenriched DNA for each library at all eight loci. I performed qPCR using the
NEB Luna Universal qPCR Master Mix (New England Biolabs, Ipswich, Massachusetts, USA)
on a BioRAD (Bio-Rad Laboratories, Inc., Hercules, California, USA). Following data
collection, I computed the average of the replicate crossing point (Cp) values for enriched and
un-enriched library pools at each amplicon, and I computed fold‐enrichment values, assuming an
efficiency of 1.78 and using the formula; 1.78 x absolute value of (enriched Cp − unenriched
Cp). A size distribution range of 300- 500 bp was verified in the target-enriched library pools
using an Agilent Bioanalyzer High Sensitivity DNA chip, and the libraries were quantified with
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the NEBNext Library Quantification kit (New England Biolabs, Ipswich, Massachusetts, USA).
When the Bioanalyzer indicated more than one peak or a wide range of library sizes, I used the
Pippin Prep (Sage Science, Inc., Massachusetts, USA) to selectively elute the libraries of
required size. I had three libraries that I had to elute from the Pippin Prep due to the presence of
multiple peaks in the Bioanalyzer assay. Because these libraries showed a drastic reduction of
concentration after running through the Pippin Prep they were concentrated using the speed
vacuum concentrator and re-amplified using the post- hybridization PCR reaction with 20 cycles
before they were pooled. The denatured and diluted library pool of eight samples was then
sequenced on an Illumina MiSeq platform using the v2 Micro Kit to obtain 150‐bp paired‐end
reads. Three sequencing runs of pooled library samples with a final library concentration of 18
pM and a 10% PhiX spike, were performed to collect sequence data for all samples.
Sequence processing, alignment, and phylogenetic analysis
Data analysis was performed on the Turing high performance computing cluster at Old
Dominion University. FastQC v. 0.11.7 (Andrews, 2010) was used to assess the quality of
Illumina raw reads of 23 target enriched samples, and Trimmomatic v. 0.36 (Bolger et al., 2014)
was used to remove low‐quality reads and adapter sequences with a minimum Phred quality
score of 20 and sequence length of 110 bp. To assemble and extract LCN targets from all the
bait‐enriched samples, HybPiper v. 1.2 (Johnson et al., 2016) pipeline was used. A Platanthera
clavellata transcriptome from OneKP (Carpenter et al., 2019) was used as the reference to run
the “reads_first.py” script, which maps raw sequencing reads to the LCN targets in a user‐
provided reference set. Then, the HybPiper script “retrieve_sequences.py” was used with the
“dna” flag, which outputs a single sequence per gene recovering 23 taxon terminals per file. The
script “intronerate.py” was run to recover introns and intergenic sequences flanking targeted
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exons. Both coding and non‐coding regions were extracted as a single concatenated sequence for
each target gene using the “retrieve_sequences.py” script with the “supercontig” flag. Any
available paralog for each gene was retrieved by the script “paralog_retriever.py”, and these
were removed from the dataset prior to downstream analyses. DNA sequences for individual
genes were aligned using MAFFT v. 7.305b (Katoh et al., 2002) by accuracy-oriented L-INS-i
method and 1000 iterative refinement cycles with –localpair and –maxiterate flags. Software
trimAl v. 1.4.1 (Capella‐Gutiérrez et al., 2009) was used with the -automated flag which follows
a heuristic method to decide which is the best automated method to trim the input alignment to
remove alignment columns where there were missing data. Individual locus alignments were
concatenated using the FASconCAT-G program (Kück and Longo, 2014). Jmodel test 2.1.10
(Posada, 2008) was performed in CIPRES Science Gateway (Miller et al., 2010) for a subset of
10 loci, which had a 100% taxon coverage and this analysis identified GTR + GAMMA + I
model as the best fit substitution model for the matrix based on the Akaike information criterion
(AIC; Akaike, 1981).
I created different supermatrix datasets that had >50%, >75%, >80%, >90% and 100%
representation out of 23 samples, which resulted in using 64%, 50%, 43%, 20% and 3% of the
total number of loci respectively, for phylogenetic reconstruction. I observed that even though
the topologies resulting from these different datasets are largely congruent (data not shown),
bootstrap support (BS) values were highest when using the supermatrix with 100% of loci.
Hence, the final analysis was performed on a concatenated supermatrix of 617 loci, excluding
potential paralogs, using Maximum Likelihood (ML) analysis with RAxML v8.2.9 (Stamatakis,
2016). A rapid bootstrap analysis of 100 replicates followed by a thorough ML search was
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performed on a 570, 818 bp supermatrix alignment, under an unpartitioned GTR + GAMMA + I
substitution model.
Calibration of time and ancestral range reconstructions
Divergence time and a maximum clade credibility (MCC) tree are computationally
intensive and therefore were estimated using BEAST (Bouckaert et al., 2014) and a reduced data
set of 22 loci that had 100% representation of all 23 samples. These 22 loci were analyzed as
unlinked partitions, assuming each gene evolved under separate GTR + GAMMA + I
substitution models. The tree topology and node ages were estimated using a relaxed clock log
normal model, birth- death model as the tree prior and a single secondary calibration point
extrapolated from Givnish et al., (2015) at the root node. In Givnish et al., (2015), the MRCA of
Platanthera and its sister genus, Galearis, were estimated to be diverged ca. 9.66 million years
ago (Ma). I calibrated the root node with a calibration prior of a normal distribution, a mean of
9.66 (Ma) and a standard deviation of 3.025, based on the upper and the lower limits of 5.3 and
17.3 Ma in the node bar values in Givnish et al., (2015). I used a 95% credible interval (CI) to
ensure that the probability of the true value for node age lies within this interval is 0.95, given
the model and data. Posterior distributions of parameters were approximated using two
independent MCMC analyses of 100 million generations, with sampling every 10000
generations. Samples from the two chains were combined and convergence of the chains was
checked using the software Tracer version 1.6 (Rambaut et al., 2014). The effective sample size
(ESS) values of all parameters were greater than 200, indicating sufficient sampling (Appendix
Table B.2). The two independent runs were then combined, after the removal of 10% burn-in,
using LogCombiner 2.4.5. TreeAnnotator 2.4.5 was used to summarize the sampled posterior
trees and to produce a MCC tree. Mean ages, 95% highest posterior density (HPD) intervals
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posterior probabilities (PP) and substitution rates for each node were calculated. FigTree version
1.4.0 (Rambaut, 2012) was used to view the MCC resulting from BEAST analysis (Bouckaert et
al., 2014).
Ancestral biogeographic reconstruction
To account for uncertainties in the phylogeny, the topology of the MCC tree and the 100
best trees resulting from the BEAST analysis was used in biogeographic analyses. A geographic
distribution matrix for nine species in subgenus Limnorchis was used as the input for the
biogeographic reconstruction using the program RASP v3.0 (Yu et al., 2015). The number of
ingroup taxa in the original dataset was 14, which included multiple accessions from some
species. This number was reduced to nine ingroup species in the biogeographic analyses, leaving
only a single accession from a species to reconstruct the biogeographic history. Only species
exhibiting monophyly of duplicate samples in the MCC tree and species that showed monophyly
in the ML reconstruction were collapsed for the biogeographic analysis. Three biogeographic
areas were designated based on the native distributions of extant species: A, East Asia; B,
Western North America; C, Eastern North America. The model test option of BioGeoBEARS
(Matzke, 2014) was implemented in RASP v3.0 (Yu et al., 2015) to identify the best fit model to
analyze the dataset. This option compared the reconstruction models of dispersal-extinctioncladogenesis (DEC) (Ree and Smith, 2008), dispersal-vicariance analysis (DIVA) (Ronquist,
1997) and BayArea (Landis et al., 2013), with and without the J parameter for jump dispersal
(Matzke, 2013). Model testing was performed using the input MCC tree, and the best fit model
was suggested based on the highest weighted Akaike information criterion values (AICc_wt).
Ancestral area reconstruction was constrained to a maximum of four areas.
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Results
Target enrichment with bait hybridization
After removing low-quality reads and adapters, paired-end sequence reads for 631 LCN
loci for 23 enriched library samples were recovered with the custom baits. An average of
1,191,942 reads per enriched library [ranging from 58,907 (P. dilatata var. leucostachys) to
3,590,931 (P. ciliaris) reads] were recovered (Table 3.2). I successfully recovered 90% of the
631 targeted loci in 17 out of 23 (74%) enriched samples. Seventy percent of the loci had a
coverage greater than 20 (90%) taxa. Slightly less than half of the loci (47%) had a coverage of
greater than 22 (95%) taxa. Twenty nine percent of the loci had full representation among all
sampled taxa. The heatmap in Figure 3.1 shows the percentages of reference genome length
recovered by sequence capture in each library sample. Although the baits were designed for
mostly and strictly single to low copy genes, paralog_investigator.py and paralog_retriever.py in
HybPiper software revealed 14 paralogous sequences out of 631 loci. These loci were excluded
from downstream analyses, leaving 617 loci that were used in phylogenetic reconstruction.
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Table 3.2

Target capture results.

Sample name

Initial library
concentration
ng/uL

Number
of total
reads

Reads
mapped

% of
baits on
target

Genes
with
contigs

Number
of introns
captured

1. P_aquilonis_ME

35.9

716 488

69 037

9.6

388

638

2. P_limosa

19.6

1 659 707

948 911

57.2

631

3392

3. P_stricta_CA

19.8

71 062

54 066

76.1

393

451

4. P_stricta_AK

2.6

2 188 386

1 502 059

68.6

631

3382

5. P_sparsiflora

39.8

793 009

512 096

64.6

631

3404

6. P_dilatata_alb

31.8

1 854 433

1 331 373

71.8

631

3360

7. P_dilatata_dil

19.7

1 844 968

158 364

8.6

609

489

8. P_dilatata_leu

28.8

58 907

45 321

76.9

337

292

9. P_purpurascens_NM

3.78

917 182

469 912

51.2

629

2930

10. P_purpurascens_WY

35.7

113 377

87 274

77

566

1304

11. P_tescamnis

24.1

78 687

61 542

78.2

496

727

12. P_yosemitensis

33.2

136 947

106 827

78

594

1659

13. P_zothecina

30.5

412 369

272 813

66.2

627

3128

14. P_hologlottis

19.8

2 513 231

1 628 474

64.8

631

3268

15. P_tipuloides_behringiana

19.4

1 136 393

771 174

67.9

627

2921

16. P_aquilonis_BC

7.32

1 410 228

1 096 788

77.8

631

3361

17. P_clavellata

40.8

849 148

86 464

10.2

469

937

18. P_lacera

5.24

894 512

457 674

51.2

628

3068

19. P_ciliaris

7.44

3 590 931

342 338

9.5

629

354

20. P_obtusata

25.4

1 134 226

116 424

10.3

569

1521

21. P_elegans

12

1 502 159

93 505

6.2

526

986

22. P_leucophaea

12.1

1 990 523

159 778

8

612

2202

23.P_orbiculata

17.8

1 547 814

922 965

59.6

631

2697
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Figure 3.1

Heatmap indicating the percentage of the reference genome, Platanthera
clavellata, length recovered by target enrichment in each of the samples used in
this study. Rows correspond to taxa, and columns correspond to a gene target.
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Monophyly of subgenus Limnorchis
A resolved phylogeny with 100% BS for all relationships except for a single node (97%)
(Figure 3.2) resulted from the ML gene tree analysis. Unlike the previous analyses on this
subgenus that were based on fewer loci (Chapter 2), the supermatrix of 617 loci resulted in a
monophyletic clade of subgenus Limnorchis, relative to the outgroup taxa, with 100% BS and no
polytomies. The Asian species, P. hologlottis was recovered as sister to subgenus Limnorchis,
followed by P. orbiculata, a clade consisting of P. clavellata, P. ciliaris, P. lacera, and P.
leucophaea, and lastly a clade of P. elegans, P. obtusata, and P. tipuloides var. behringiana
Within the subgenus Limnorchis, P. stricta is the basal lineage and sister to a clade that
encompasses the remaining species of the subgenus in the following order: P. yosemitensis- P.
sparsiflora, P. dilatata, P. purpurascens- P. tescamnis and P. aquilonis- P. zothecina.
Platanthera purpurascens and P. tescamnis are together in a clade, but the two accessions of P.
purpurascens do not cluster together. Platanthera limosa is the basal branch in the clade that also
includes P. zothecina, P. aquilonis, P. purpurascens, and P. tescamnis.
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Figure 3.2

Molecular phylogeny of Platanthera, subgenus Limnorchis.

Maximum Likelihood analysis with RAxML using a concatenated matrix of 617 LCN loci.
Support values from 100 RAxML bootstrap analyses are indicated at nodes. Green branches
represent the monophyletic clade of subgenus Limnorchis and black branches represent the
outgroup taxa. Green and white flowers indicate the flower color and red stars indicate species
from Asia. Scale bar depicts nucleotide substitution per site.
Divergence time estimation
With the use of MCMC numerical methods along with the mechanistic priors on node
times and a relaxed clock log normal model, BEAST analysis allowed us to estimate the accurate
relative divergence times using Bayesian inference. The secondary calibration point data placed
on the root node estimated the divergence time for each internal node and the node bars are
displayed representing the node age with 95% highest posterior density (HPD) estimate. I used a
strongly supported MCC tree topology, which is the topology with the highest product of clade
posterior probabilities across all nodes and the substitution model assumed in this analysis, GTR
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+ GAMMA + I was the best fit model as per the model test results. This analysis with best 22
loci dataset reconstructed a phylogeny with a topology (Figure 3.3) slightly different from ML
analysis and with good support except two nodes with posterior probability (PP) value of 0.61, at
the node where the outgroup clade P. tipuloides var. behringiana- P. obtusata- P. elegans
diverged and 0.96, at the node where P. tipuloides var. behringiana diverged from the P.
obtusata- P. elegans clade. A well-supported monophyletic clade of subgenus Limnorchis with a
PP value of 1.0 was recovered in this analysis, as was the sister relationship of P. hologlottis to
the Limnorchis clade. However, in this analysis P. orbiculata is the basal branch followed by the
groups of P. ciliaris - P. clavellata - P. lacera - P. leucophaea and the group of P. elegans - P.
obtusata - P. tipuloides var. behringiana. Within the Limnorchis clade, P. zothecina was
recovered as sister to the P. purpurascens and P. tescamnis group with strong support (PP = 1.0),
slightly deviating from the ML analysis. According to this reconstruction, the MRCA of
subgenus Limnorchis started diverging around 3.74 Mya, and most of the recent speciation
events have occurred in the last 2.6 Mya.
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Figure 3.3

MCC tree showing divergence times estimated in BEAST based on 22 LCN loci.

Values at nodes indicate posterior probability values and node bars indicate 95% highest
posterior density intervals of divergence time estimate. The x- axis indicates the time in million
years. The arrow indicates the secondary calibration point of 9.66 Mya (Givnish et al., 2015) that
was placed on the root node.
Ancestral biogeographic reconstruction
Based on the highest AICc_wt value among tested biogeographic models, DEC was
selected (AICc_wt = 0.41) (Table 3.3). Based on this model, the MRCA of subgenus Limnorchis
and the Asian species P. hologlottis, existed around 6 Mya, in Late Miocene. As per the inferred
dispersal route at this node with a probability value of 0.54, it suggests that the MRCA of
subgenus Limnorchis and the Asian species P. hologlottis existed in western North America and
then dispersed into Eastern Asia via the Bering land bridge (BLB) around 6 Mya, in Late
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Miocene and existed in the connected, wide plain of Eastern Asia - western North America. My
inference of this ancestral biogeographic reconstruction is well-supported with a probability
value of 0.925 at the node 27 (Figure 3.4). Later, around 4.8 Mya, divergence of subgenus
Limnorchis began due to a vicariance event between Eastern Asia and North America, and the
species of subgenus Limnorchis diversified across western North America. Thereafter, Asia and
North America became disjunct, isolating P. hologlottis to Eastern Asia. Based on the probability
value of 0.92 at node 26 (Figure 3.4), the MRCA of subgenus Limnorchis most likely originated
in western North America. The dispersal route inferred by the model indicates that initially, local
speciation occurred (node 26) in the place of origin, western North America, and then one of the
resulting child nodes gradually expanded the range by dispersal. With time, sympatric speciation
resulted in the divergence of most basal lineage of subgenus Limnorchis, P. stricta in the western
North America, around 3 Mya. Similar dispersal routes have been inferred from my analysis for
the divergence of P. sparsiflora and P. yosemitensis around 1.5 Mya (node 24) and for P.
purpurascens and P. tescamnis. Western North America was suggested as the place of origin for
the ancestor of all the above-mentioned species.
Table 3.3

Results of the Model Test option in BioGeoBEARS
LnL

DEC

-23.91

Number of
Parameters
2

DEC+J
DIVALIKE
DIVALIKE+J
BAYAREALIKE
BAYAREALIKE+J

-23.18
-24.36
-23.63
-31.6
-25.34

3
2
3
2
3

d

e

j

AICc

AICc_wt

5

2.30E-07

0

52.69

0.41

5
5
5
1.59
5

1.00E-12
1.00E-12
1.00E-12
5
1.00E-07

0.038
0
0.032
0
0.029

54.21
53.59
55.1
68.06
58.52

0.19
0.26
0.12
0.0002
0.022

d- the base rate of range expansion, j- the per-event weight of founder event speciation at
cladogenesis and e- the rate of range contraction
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Figure 3.4

Ancestral area reconstruction of subgenus Limnorchis according to DEC model.

Colors in the pie chart at each node correspond to the most likely ancestral areas inferred from
this analysis. Node IDs are shown to the left of each node. The x- axis indicates time in million
years.
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Dispersal of P. dilatata, which is extant in western and eastern North America, is inferred
as follows. The place of origin of the MRCA of P. dilatata is inferred as western North America
(node 23), with a probability of 0.89 (Figure 3.4). The dispersal route with a probability of 0.92
suggests the occurrence of local speciation events initially and then dispersal to eastern North
America through range expansion, leading to a continuous distribution in western North
American and a disjunct distribution in eastern North America. A similar inference was made on
the dispersal of P. aquilonis, which is also extant in western and eastern North America. The
most likely ancestral region of P. aquilonis is western North America, with a probability of 0.99
(Figure 3.4). As a consequence of local speciation in western North America for one child node
and dispersal into eastern North America while expanding its range for the other child node, the
current range of P. aquilonis has come to include western and eastern North America. Among
the species considered under subgenus Limnorchis, P. limosa and P. zothecina were suggested to
have a similar biogeographic history. The most likely origin of the MRCA of both these species
was inferred as western North America, with high probability values of 0.99 and 1.0. As a result
of local speciation, the MRCA diverge to become these individual species remaining in the same
region.
Discussion
Monophyly of subgenus Limnorchis
In this study, I present a customized bait set that can be utilized across the genus
Platanthera, specifically to capture conserved LCN genes with an average target length of 1177
bp. This bait set has captured variability in exons and introns allowing me to utilize this bait set
for addressing evolutionary histories that are deep and shallow. No previous phylogenetic studies
of Platanthera have included comprehensive taxon sampling or utilized multiple variable nuclear
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markers. In this study, I sampled all but three recognized diploid species of subgenus Limnorchis
based on the most recent classification of Platanthera by Efimov (2016). Maximum likelihood
analysis resolved a monophyletic clade of subgenus Limnorchis with 100% BS, which enabled
me to test the major phylogenetic hypothesis of this study. This clade encompassed all the
species that I predicted to be in the subgenus Limnorchis. From this study, I also confirmed the
taxonomic placement of two recently identified species, P. tescamnis and P. yosemitensis, that
have previously been established based entirely on traditional taxonomic approaches (Bateman et
al., 2015). However, the lack of all species of the subgenus as recognized by Efimov (2016) and
the absence of extensive sampling of Asian Platanthera species, subgenus Limnorchis may
include additional taxa with further sampling. Importantly, though, this study has provided a new
molecular toolkit for the assessment of additional samples across Platanthera.
Among the outgroup taxa used, P. hologlottis shows a close relationship to subgenus
Limnorchis in every dataset that were analyzed phylogenetically. This is novel because in
previous taxonomic revisions of Platanthera, P. hologlottis has been considered under subgenus
(previously recognized as a section) Tulotis based on floral morphological features such as the
column structure, its vegetative habit and pollination syndromes (Inoue, 1983; Efimov, 2011).
No previous phylogenetic analyses have included P. hologlottis, but they have generally placed
subgenus Tulotis as far removed from the Limnorchis clade (Bateman et al., 2009; Hapeman and
Inoue, 1997) based solely on the variation in a single marker, ITS. Based on the BS value of
100% at the node where P. hologlottis and subgenus Limnorchis diverge in my analyses, it
prompts the idea that either this species or subgenus Tulotis. in which it is currently classified,
could be more closely related to the species in subgenus Limnorchis than are other outgroup
species from North America. Although the limited sampling of Asian Platanthera species does
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not provide definitive proof of this specific relationship, the inclusion of numerous North
American species that are not the closest sister taxa to subgenus Limnorchis does strongly
suggest that the ancestor of Limnorchis had a shared distribution between western North
America and Asia. Future analyses with additional Asian species would be useful to better
understand the transition from Asia to North America that has occurred in Platanthera.
Major biogeographic disjunctions that shaped the diversification of subgenus Limnorchis
Different disjunct distribution patterns of plant species in northern hemisphere have been
a topic of interest for many botanists (Donoghue and Smith, 2004; Wen et al., 2016). Among
these patterns, hypotheses on disjunction between eastern Asia - western North America, eastern
Asia - Europe and eastern Asia - western North America - eastern North America have been
greatly supported by many studied species (Donoghue and Smith, 2004; Xiang and Soltis, 2001).
These major disjunctions have also been categorized based on migration route and time of
geographic spread. Based on these analyses, disjunctions that occurred before 30 Mya are
suggested to have occurred through a North Atlantic land bridge while disjunctions occurring
during the last 30 Myr have like occurred via the BLB (Donoghue and Smith, 2004).
Two common hypotheses on the origin and the migration of subgenus Limnorchis are an
East Asian origin and subsequent eastward migration of lineages into the North America and a
North American origin followed by the westward migration into East Asia (Bateman et al.,
2015). Based on the ancestral biogeographic reconstruction, subgenus Limnorchis has rapidly
diversified across western North America within the past 4 My, in association with the closure of
the BLB.
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According to the ancestral biogeographic reconstruction, it was suggested that the MRCA
of subgenus Limnorchis originated in the western North America, following the disjunction of
Eastern Asia and North America due to the closure of the BLB. The Bering Land Bridge has
influenced the diversification of many plant and animal species across the Holarctic region, in
both directions from East Asia to northwestern North America and vice versa (Donoghue and
Smith 2004; Mao et al., 2010; Ran et al., 2015; Wen et al., 2016). As a response to global
warming and cooling cycles caused by Milankovitch cycles, studies report that the BLB has
opened and closed for three consecutive times in earth’s history (Gladenkov et al., 2002; Tiffney
and Manchester, 2001). These are identified as: 1) Bering land bridge I, during the late
Cretaceous to Paleogene, 70 – 20 Mya, 2) Bering land bridge II, in the Neogene, 20 – 3 Mya, and
3) Bering land bridge III, during the Quaternary, 3 – 0 Mya. As per the divergence time estimates
of my analysis, the divergence of the lineage of subgenus Limnorchis is most likely shaped by
the trans-Beringian migration related to the Bering land bridge II, which was also considered the
most dominant phase of the plant species migration across the two continents in a meta-analysis
by Wen et al., (2016). In the early biogeographic studies, this disjunction had been identified as
the “Beringian - Boreal disjunction” (Thorne, 1972), and describes that the presence of closely
related species on either side of the Pacific Ocean. Species occurring in North America, Japan
and Korea are characteristic of this type of disjunction.
Among the angiosperms that migrated through the Bering land bridge II, forming disjunct
distribution patterns in eastern Asia and western North America are, Boykinia Nutt., Achlys
japonica Maxim., Kelloggia Torr. ex Benth. & Hook.f., Rhodiola L. (Wen et al., 2016).
However, biogeographic disjunction patterns of Orchidaceae have not been thoroughly
investigated with phylogenetic methods. In the comparison of orchid flora in temperate North
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America and eastern Asia by Sing-Chi, (1983), the interesting disjunction of in orchid species
pairs in Asia and North America has been explained using Cypripedium L., Listera Lindl.,
Pogonia Juss., Liparis Rich., and Platanthera Rich. Most of these genera are known to have a
disjunct distribution in eastern Asia and eastern North America. However, the distribution of
Platanthera is distinct due to its presence in the northwestern North America as well (Sing-Chi,
1983). In this study, the distribution patterns of the temperate orchids have been classified into
four categories as: 1) Continuous distribution in the northern Pacific, 2) Disjunctive distribution
between eastern North America and eastern Asia, 3) Disjunctive distribution between western
North America and Eurasia and 4) Disjunctive distribution in the tropical Pacific (Sing-Chi,
1983). However, my study has presented a biogeographic pattern in the orchid flora, which is
the disjunct distribution in eastern Asia and northwestern North America and eastern North
America for the first time. Even though I did not sample many of the Asian species that may be
closely related to the subgenus Limnorchis, isolation of P. hologlottis, the closest relative to
subgenus Limnorchis based on this study, in eastern Asia suggests that the divergence of
subgenus Limnorchis is greatly influenced by this disjunction. Additionally, the timing of
vicariance event inferred from this analysis matches with the timing of the disjunction between
eastern Asia and North America due to the closure of BLB in mid Pliocene (4 Mya).
Another prominent distribution pattern that was observed in some species of the subgenus
Limnorchis the disjunction between western North America and eastern North America in P.
dilatata (Adhikari and Wallace, 2014; Bateman et al., 2009; Sheviak, 2002) and P. aquilonis
(Sheviak, 2002). Similar to the disjunctions between eastern Asia - western North America (Nie
et al., 2005) and eastern Asia - eastern North America (Boufford and Spongberg, 1983), disjunct
distributions of conspecifics in western and eastern North America is also common in plant
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genera (Donoghue and Smith, 2004). One possibility for this disjunction within North America
could be the occurrence of founder event speciation through long dispersal distribution (LDD)
from western North America to eastern North America by the dust-like, wind-dispersed seeds of
orchids. However, it is also considered one of the most extreme dispersal methods in orchids
(Rasmussen, 1995) and empirical data to support widespread long-distance dispersal is also
lacking (Broeck et al., 2014). A different hypothesis which relates to the western and eastern
North American disjunction of plant species is that after the isolation of eastern Asia from
western North America, lineages have subsequently spread to eastern North America from the
west, and a latter vicariant event has separated the east and west, fragmenting the populations
and the lineages in the either sides of North America (Xiang and Soltis, 2001). The abovementioned vicariance event could have potentially been caused by Pleistocene climatic
oscillations.
It is hypothesized that during the last glacial maximum, when Laurentide ice sheets
expanded, plant species migrated southward and survived in isolated refugia. With the glacial
retreat, these plant species have recolonized the previously glaciated regions. Even though the
exact locations of these hypothesized glacial refugia are still uncertain, studies have suggested a
cryptic refugium in the region of Labrador and another one in close proximity to the southeastern
margin of the Laurentide ice sheet (Cinget et al., 2015). Based on the extant species distribution
of some species in subgenus Limnorchis such as P. dilatata and P. aquilonis, it is likely that the
suggested refugium that was present in the close proximity to Laurentide ice sheet around the
Great Lakes region was a refugium for species in subgenus Limnorchis and they recolonized this
region after the glacial retreat.
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However, it may also be that P. dilatata and P. aquilonis recently migrated to eastern
North America after the last glacial period because where they currently occur in eastern North
America was entirely glaciated up until ca. 10,000 years ago (Jackson et al., 2000). The species
do not currently exist south of the glacial boundary, which reflects their persistence in refugia
along the glacial boundary or a recent migration to these areas.
Diversification of subgenus Limnorchis in western North America.
Diversification patterns of the species in genus Platanthera has been an interest for many
of the systematists that have studied this genus, as its species and/or clades have radiated into
many regions including East Asia, North America, South America and Europe (Bateman et al.,
2015; Efimov, 2016). Even though hypotheses on different migration routes for this subgenus
have been suggested (Efimov, 2016), a comprehensive biogeographic analysis has never been
completed. There are several hypotheses to explain the origin and the migration patterns of this
subgenus in western North America. Previous studies have shown affinities in the geographic
distributions of species between western North America and eastern North America, between North
America and East Asia, and throughout western North America, from Alaska to Mexico (Wen,
1999). Contemporary species’ distributions are largely correlated with historical geographic and
climatic events, such as glacial cycles and refugia. Phylogeographic studies on many plant species of
western North America provide evidence of refugia in Beringia and the Pacific Northwest (Shafer et
al., 2010) and evolutionary diversification of many new plant and animal species. (Brunsfeld et al.,
2001).

The physiography of western North America is an important factor that has influenced
the colonization and diversification of plant species. Physiography of this region is largely
shaped by the two mountain ranges spreading from north to south, 1) Rocky Mountains, which
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define the eastern extent of the northwest, 2) Coast Mountains, which occur along the Pacific
coast. In addition, the orogeny of the Cascade/ Sierra chain around 2- 5 Mya was another
important biogeographic event that shaped the physiography and the climate of western North
America. Emergence of the Cascade/ Sierra mountain range created a rain shadow which
subsequently resulted a xeric Columbian River basin (Shafer et al., 2010). Together with the
mountain ranges that ran from north to south, this xeric ecosystem of the Columbia River basin
acted as a mesic forest (Daubenmire, 1975) disjunction and resulted in further fragmentation of
habitats. Studies have shown that a strong genetic differentiation can be corresponding to the
widespread and large glacial refugia during the last glaciation and in contrast, the species with
restricted refugia had shown little genetic diversity (Roberts and Hamann, 2015). For an
example, Pinus L. species, which had been identified as widespread species in the coastal and
interior refugia at the last glacial maximum, covering the California coast, Arizona Mountains,
New Mexico, and Colorado. Consequently, some species such as Pinus contorta Douglas ex
Loudon, are currently identified to have a strong genetic differentiation between the coastal and
interior populations. Additionally, during glacial periods, geographical isolation in combination
with different selection pressures or genetic drift is found to result in the evolution of distinct
genetic varieties or subspecies (Hewitt, 2004).
Studies have found evidence for the presence of potential refugia for plants mainly in the
Cascades, Columbia River basin and in the Rocky Mountains (Godbout et al., 2008). In addition
to these, studies have suggested the presence of multiple Pacific coastal refugia (Soltis et al.,
1997). During glacial events, the Cascade ranges remained free of ice and served as the refugia
in addition to the northern refugium in Beringia. As per the descriptions of Matthes (1930), these
ice-free, exposed surfaces of the mountain ranges had been covered by alpine meadows that had
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seasonal snow cover. Recent studies on some species of subgenus Limnorchis, such as P.
yosemitensis, which is an endemic to the Yosemite National Park (Colwell et al., 2007), have
found that their current habitat is similar to the habitat explained by Matthes (1930).
Conclusions
In this study, I developed a novel toolkit that appears useful for molecular genetic analyses
across Platanthera, and I collected high through-put sequence data from 617 LCN loci that were
able to resolve the phylogenetic relationships of diploid species in subgenus Limnorchis. The
resulting phylogeny indicated that subgenus Limnorchis is a monophyletic clade with 100% BS
support and that the closest outgroup may be species from Asia. Subsequently, I used this
phylogeny to infer the ancestral biogeographic reconstruction within the subgenus Limnorchis.
Based on the ancestral biogeographic reconstruction, it was inferred that the origin of the
subgenus Limnorchis occurred in the western North America following the isolation from Asian
conspecifics due to the vicariance event following closure of the BLB. Subsequently, species of
subgenus Limnorchis diversified across western North America beginning ca. 3 Mya, and two
species eventually dispersed to eastern North America more recently. Diversification of taxa in
western North America appears to have occurred rapidly, possibly in association with expansion
and contraction of taxa during glacial cycles. The provided toolkit should allow researchers to
further study diversification and biogeographic spread of Platanthera across regions of the
Holarctic.
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CHAPTER IV
FLORAL TRAIT EVOLUTION AND DIVERSITY IN MACRO AND
MICROMORPHOLOGICAL CHARACTERS OF PLATANTHERA
SUBGENUS LIMNORCHIS (ORCHIDACEAE)
Introduction
Platanthera Rich. (Orchidaceae), with between 123 (Efimov, 2016) and 200 species
(Sheviak, 2002) distributed worldwide, is considered the most speciose group of orchids in the
North American flora (Brown, 2006; Sheviak, 2002). Sheviak (2002) recognized ca. 32
Platanthera species in North America and named others after this treatment (Colwell et al.,
2007; Sheviak and Jennings, 2006). Platanthera is included in tribe Orchidinae in the subfamily
Orchidoideae, and recent phylogenetic studies have resolved Platanthera as sister to Galearis
(Bateman et al., 2009; Givnish et al., 2015). Platanthera species are distributed in a diverse
range of habitats, such as wet meadows, tundra, marshes, stream banks, shores, seeping slopes,
and mesic deciduous forest slopes in North America, Asia, Europe, North Africa, Borneo,
Sarawak and Hawaii (Sheviak, 2002). Platanthera has not been reported from South America or
Australia. While most members of the genus are terrestrial, a few are epiphytic or lithophytic
(Efimov, 2016). Members of this genus are mostly insect-pollinated and therefore, the evolution
of floral morphology is thought to be shaped by features and mechanisms of pollinators
(Hapeman and Inoue, 1997). Platanthera species produce inflorescences with a few to many
flowers that are usually resupinate (exceptions include Platanthera nivea and Platanthera
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calceoliformis) (Efimov, 2016). Flowers are sometimes showy, colored white, green, yellow,
orange or purple and with petals entire to fringed or emarginate. The lip or labellum is either
lobed or 3-partite with entire to fringed margins. Most species have a nectar spur, developed as
an extension at the base of the lip, except for a few species such as P. stenochila (Efimov, 2016).
The petals and lateral sepals are not fused to each other, but the lateral petals, together with the
dorsal sepal, form a hood over the column in many species (Case, 1987; Sheviak, 2002). Each
flower has two pollinaria consisting of paired pollinia with free viscidia, and the stigma is entire
(Sheviak, 2002).
Orchid taxonomy is still largely based on morphological differences, but species may
exhibit intraspecific variation and be environmentally variable (Bateman and Sexton, 2009).
Platanthera is considered a taxonomically controversial group within Orchidaceae because
species display convergent evolution of floral traits that leads to frequent shifts from one
pollination syndrome to another. For example, a shift from a generalized pollination syndrome to
a more specific pollination by hawkmoths has only involved modification from greenish- white
flowers to white flowers and a slight increase in the length of the spur (Hapeman and Inoue,
1997).
There have been numerous infrageneric classifications of Platanthera, (Efimov, 2016;
Rydberg, 1901; Luer, 1975; Sheviak, 2002) and these have not agreed on the number of species
or their sectional affiliations. In the first phylogenetic approach of this genus by Hapeman and
Inoue (1997), a molecular phylogeny with five monophyletic clades was resolved, but they were
not all well-supported. These clades were named sections Blephariglottis Platanthera, Lacera,
Tulotis, and Limnorchis based on the traditional sectional classification of the genus. In a recent
monograph by Efimov (2016), some of the above-mentioned sections have been elevated to the
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rank of subgenus and species classified into five subgenera” Blephariglottis, Fimbriella,
Limnorchis, Platanthera, and Tulotis. Efimov’s (2016) delineations were primarily based on
morphological data, as well as evidence from previous molecular phylogenetic analyses based on
few genetic markers (Bateman et al., 2009; Hapeman and Inoue, 1997; Jin et al., 2014).
Additionally, Efimov (2016) did not include all currently recognized species in this treatment.
While Efimov’s (2016) classification overlaps with previous classifications by Rydberg (1900,
1901) and Kraenzlin (1901), some sectional affiliations are still unclear. Given the potential
shifts in floral traits due to convergence (Hapeman and Inoue 1997), a taxonomic treatment
solely based on a morphological dataset may infer incorrect species relationships. Therefore, it is
evident that a comprehensive taxonomic treatment supported by extensive taxon sampling and
strong molecular datasets of all subgenera of Platanthera is still lacking.
In this study I used a robust phylogeny of subgenus Limnorchis, reconstructed with a
multi-locus genetic data set to study the floral trait evolution. Among the subgenera of
Platanthera, Limnorchis has consistently been considered to be morphologically distinct
(Rydberg 1901; Efimov, 2016) and found to comprise a monophyletic lineage in phylogenetic
analyses (Bateman et al. 2009; Hapeman and Inoue, 1997; Wallace, 2002), despite the genetic
complexity within it. Morphological studies on seed micromorphology of subgenus Limnorchis
and subgenus Platanthera reinforce the distinction between these two subgenera (Gamarra et
al.2008) and particularly the uniqueness of Limnorchis. In the most recent revision of
Platanthera by Efimov (2016), 14 species, including diploid and polyploid species but excluding
Platanthera yosemitensis Colwell, Sheviak and P.E.Moore and any interspecific varieties, have
been considered under subgenus Limnorchis. These include the diploid species: Platanthera
aquilonis Sheviak, Platanthera brevifolia (Greene) Kraenzlin, Platanthera calderoniae López74

Ferr. and Espejo, Platanthera holochila (Hillebr.) Kraenzlin, Platanthera dilatata (Pursh) Lindl.
ex Beck, Platanthera limosa Lindl., Platanthera purpurascens (Rydb.) Sheviak and Jennings,
Platanthera sparsiflora S.Watson) Schltr., Platanthera stricta Lindl, Platanthera tescamnis
Sheviak and W.F. Jenn., and Platanthera zothecina (L.C.Higgins and S.L.Welsh) Kartesz and
Gandhi. and polyploid species: Platanthera convallariiofolia Fischer ex Lindley, Platanthera
huronensis (Nuttall) Lindley, Platanthera hyperborea (Linnaeus) Lindley.
Subgenus Limnorchis has long been known as a North American group, although the
place of origin was not fully understood. Recent biogeographic analysis (Chapter 3) using a
multi-gene phylogeny indicates the origin of the most recent common ancestor of subgenus
Limnorchis was North America. Recognized species of subgenus Limnorchis are widely
distributed from Western Cordillera of North America to the East and Southwest, with species
likely extending into Mexico, Iceland, Hawaii and possibly to Japan (Sheviak, 2002).
Members of subgenus Limnorchis have been distinguished by considering multiple traits
together, including the leafy stems, elongated spikes, flower color, lip basal dilation, lip length,
spur length and the features of the column. The leafiest and the tallest stems among all
Platanthera species are found in subgenus Limnorchis (Efimov, 2016). Species of Limnorchis
have green to white flowers, and a greater diversity of flower color occurs among the greenflowered forms because they often have yellow and purple colorations in the perianth.
Variations are present in spur length, ranging from spurs that are shorter than the lip to twice the
length of the lip, and these variations assist in identifying some intraspecific taxa (Adhikari and
Wallace, 2014). Cryptic variation is also very common, leading, for example, to the recent
identification of several new species in the last 30 years (Colwell et al., 2007; Serna and LopezFerrari, 1994; Sheviak and Jennings, 2006). Previous studies (Hapeman and Inoue, 1997) have
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suggested convergent evolution of some floral characters and hypothesized that floral differences
reflect variation in pollination strategies. However, without a resolved phylogeny of the group, it
is difficult to understand evolutionary transitions in these traits and how they influence pollinator
interactions.
It is important to study floral traits to understand what factors may have influenced the
speciation of flowering plants, and very few studies have investigated these details across
subgenus Limnorchis. Different aspects of flower morphology influence attractiveness to
pollinators and the mechanical fit between flower and pollinator (Campbell, 1996; Conner and
Rush, 1996). Additionally, individual floral organs often show strong correlation in size
(Dellinger et al., 2019). For instance, quantitative traits such as the dimensions of petals, sepals,
lip and spur are the major determinants of the overall perianth size. Studies on Iris species have
shown that the perianth size affects the attractiveness of the flower to pollinators in several
insect-pollinated species (Morinaga and Sakai, 2006). Additionally, a study that used
experimental reduction of flower size in Delphinium has suggested that the reduction of perianth
size may also reduce the rates of pollinator visits, but increase the number of flowers probed, and
thereby affect the rate of geitonogamy (Ishii and Harder, 2006). Therefore, both quantitative
traits, such as the dimensions of perianth parts, and discrete floral traits, such as shapes or
presence and absence of specific structures, are worth studying. Furthermore, the presence of
correlation between quantitative characteristics of a species, which is also known as correlation
pleiades, has found to be of ecological importance (Berg et al., 1959). As per this idea, “the
presence of correlations between the dimensions of some parts of an organism and the absence of
correlations between the dimensions of other parts of the same organism indicate the
independence of certain developmental processes with respect to other processes within the
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organism” (Berg et al., 1959). One of the interesting observations done by Berg (1959) on the
phenomenon of correlation pleiades is that out of 19 plant species tested, all the plants with a
specific pollinator syndrome did indicate correlation pleiades and species with generalized
pollinator interactions did not. Additionally, correlation between dimensions such as the petal,
lengths and widths contribute to determine the symmetry of a flower and in orchids, their
zygomorphic symmetry has greatly assisted in the attraction of pollinators by providing a
mechanical fit between the flower and the pollinator (Lázaro and Totland, 2014). Therefore,
identifying any signal of correlation between the floral dimensions will enable understanding
how pollinator mediated speciation occur through floral trait evolution.
One of my objectives was to identify patterns in micromorphological features of floral
organs, including papillae lining the nectar spur and perianth stomata, to evaluate their use in
species delimitation. A major goal was to investigate diversity in floral traits that are likely to
confer reproductive isolation among species, including flower color, spur length and shape, and
viscidium shape, in the context of phylogenetic relationships in subgenus Limnorchis. I tested the
hypothesis that flower color, spur length and spur shape have evolved in parallel in phylogenetically
distant species due to similarities in adaptations for closely related pollinators (Hapeman and Inoue,
1997).

A trait of particular interest in understanding species diversification of Platanthera is the
nectar spur because it can strongly influence reproductive isolation and fitness (Nilsson, 1988).
Although a trend in evolution from shorter to longer nectar spurs in Platanthera has been noted
(Hapeman and Inoue 1997), my preliminary analyses suggest spur length may be evolutionarily
labile in subgenus Limnorchis. Recent studies on the spur ontogeny of the genus Linaria have
found that due to the shared developmental constraints, spurs of distantly related taxa show
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similar spur ontogeny resulting in convergent evolution (Box et al., 2011). Additionally, other
studies have identified variation in some spur traits like nectar production in distantly related
taxa such as Orchis and Platanthera (Bell et al., 2009) that could aid in understanding how spurs
function to promote or limit reproduction across Platanthera. Regarding the micromorphology of
the nectar spur, I was interested to know if the density of papillae and the shape of the papillate
cells differ in different species within the subgenus Limnorchis. I also wanted to test the
hypothesis that the density of papillae is inversely proportional to the spur length, or the longer
spurs will have less dense papillae cells.
Based on the previous work on the genus Platanthera, flower color has been identified as
one of the characters which evolves convergently, when triggered by a slight change in the
pollinators (Hapeman and Inoue, 1997). Therefore, I was interested in understanding if this trait
shows convergence within subgenus Limnorchis as well, even it has less variation ranging from
green to white. The pigment chlorophyll underlies green color in plants, including flowers
(Ohmiya et al., 2014). With this understanding I was also interested in evaluating if there is an
association between floral color and the presence of stomata in the perianth epidermis. Along
with the presence of stomata, I attempted to document the diversity in cell shapes observed in the
perianth epidermis.
The viscidium is another important but inconspicuous feature which contributes to the
morphology of the column and successful reproduction. Despite its minute size, previous
literature has reported different shapes of viscidia among orchid species (Johnson and Edwards,
2000; Sheviak, 2002). Therefore, I was interested in understanding the evolution of viscidium
shape in subgenus Limnorchis and its relationship to other floral traits. Finally, I was interested
in knowing if the dimensions of floral perianth structures are correlated in order to understand
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whether these characteristics are likely developmentally constrained, or their evolution is driven
by other external factors such as pollinators.
Materials & Methods
Data collection
I sampled all diploid species recognized by Efimov (2016) except, P. brevifolia, P.
calderoniae and P. holochila, and I included the diploid Platanthera yosemitensis, which is
considered to be closely related to other species of this subgenus (Colwell et al., 2007) even
though Efimov (2016) did not include it in his treatment (Table 4.1). Eighty-seven flower
samples, including herbarium specimens and spirit-preserved specimens, of nine diploid species
of subgenus Limnorchis were used to collect macro and micro morphological data with
stereomicroscopy and scanning electron microscopy (SEM) (Appendix Table C.1). Due to the
potential shrinking and expansion of floral organs when dried and spirit-preserved, quantitative
characters of floral organs were only taken from herbarium specimens to ensure any potential
error is similar across samples. Examined herbarium specimens are deposited in The Ohio State
University Herbarium (OS), Mississippi State University Herbarium (MISSA), New York State
Museum Herbarium (NYSM), Oakes Ames Orchid Herbarium (AMES) at Harvard University
(Table C.1). Identification of herbarium specimens was confirmed using the morphological keys
in Flora of North America (Sheviak, 2002). Flowers from the middle of the inflorescence were
used for collecting data as the comparisons of different developmental stages would confound
the results. For each species, we sampled two flowers per plant and two or more plants per
species for all ingroup taxa; the values were averaged for each plant for subsequent analyses.
Data on quantitative traits were collected using a stereomicroscope as illustrated in the Figure
4.1. The quantitative traits were spur length and width, lateral petal length and width, dorsal
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sepal length and width, lateral sepal length and width, lip length and width. Correlations were
tested among all pairs of these traits. A correlogram was made based on Pearson’s correlation
coefficients using the corrplot function of Corrplot package (Wei and Simko, 2017) and rcorr
function of the Hmisc package (Harrell and Harrell, 2015) in R studio (R Core Team 2019). Data
on the length and density of papillae on the inner spur surface, epidermal cell morphology of
petals and sepals, and structure and shapes of viscidium, anther theca and pollen massulae were
collected using higher magnification through SEM of both herbarium and spirit-preserved
specimens (Appendix Table C.1). Flower samples were prepared for SEM using published
protocols (Davies and Turner, 2004b). Spirit-preserved samples were transferred to and stored in
tubes of 70 % (v/v) ethanol prior to the dehydration steps. They were dehydrated in 90 % (v/v)
ethanol (15 min at room temperature) followed by two changes of 100 % ethanol (30 min each at
room temperature) and subjected to critical point drying (Polaron E3000). The specimens were
then mounted on stubs by means of double-sided carbon adhesive tabs, coated with platinum,
using an EMS150T ES - A high resolution sputter coater (Quorum Technologies) and examined
using a JEOL JSM-6500F Field Emission SEM available at the Institute for Imaging &
Analytical Technologies (I²AT), Mississippi State University. All petals, sepals and lips were
surveyed for the presence and absence of stomata and striations in the epidermis. The density of
the papillae inside the spur was measured by counting the number of papillate cells within a 100
uM x 100 uM square (10 000 uM2). Correlation between the spur length and the density of
papillae was analyzed using Pearson correlation coefficient in Analysis Toolpak add-in in
Microsoft Office Excel. Epidermal cell types found in the petals and sepals of the species in this
subgenus were compiled based on the shapes and terminology in previous studies (Bailes and
Glover, 2018).
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Table 4.1

Floral morphological traits of species in subgenus Limnorchis according to
(Sheviak (2002) and Efimov (2016)

Taxon

Flower
Color

Viscidium
shape

Spur shape

P. aquilonis Sheviak

green

orbiculate

clavate

Platanthera brevifolia
(Greene) Kraenzlin

green

cylindric

Platanthera calderoniae
López-Ferr. and Espejo
Platanthera
convallariiofolia Fischer
ex Lindley

green

orbiculate to
ellipticoblong
-

P. dilatata (Pursh) Lindley
ex L. C. Beck

white

Platanthera holochila
(Hillebr.) Kraenzlin
Platanthera huronensis
(Nuttall) Lindley
Platanthera hyperborea
(Linnaeus) Lindley

green

Spur
length
(mm)
2–5

P. limosa Lindley

9–20
-

whitish
green

oblong to
oblongspatulate
linear to
linear oblong
-

clavate
4-8
slender to slightly clavate
4 - 12
-

whitish
green
whitish
green
green

P. purpurascens (Rydb.)
Sheviak & Jennings
P. sparsiflora (S. Watson)
Schlechter, Bull.
P. stricta Lindley

green

P. tescamnis Sheviak &
W.F. Jenn.
P. yosemitensis Colwell,
Sheviak and P.Moore
P. zothecina (L. C. Higgins
& S. L. Welsh) Kartesz &
Gandhi

green

green
green

green
green

oblong

cylindric to clavate
4 -12

linear to
linear-oblong
elliptic
oblong
orbiculate to
oblong
orbiculate to
oblong
orbiculate
orbicular or
oblong
orbicularquadrate
orbiculate to
suborbiculate

clavate
filiform

4-6
8 - 25

very clavate-scrotiform

2-3

slightly clavate or
cylindric
very clavate capitateinflated/ scrotiform
clavulate or cylindrical

7 - 14

saccate or
scrotiform
slenderly cylindric

2 - 2.8

2-6
4.5 - 7

12 - 17

Platanthera brevifolia (Greene) Kraenzlin, Platanthera calderoniae López-Ferr. and Espejo,
Platanthera holochila (Hillebr.) Kraenzlin and the polyploids: Platanthera convallariiofolia
Fischer ex Lindley, Platanthera huronensis (Nuttall) Lindley and Platanthera hyperborea
(Linnaeus) Lindley, were not included in the study.
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Figure 4.1

Quantitative floral measurements collected for the study

a- lip length, b- lip basal width, c- lateral sepal length, d- lateral sepal width, e- dorsal sepal
length, f- dorsal sepal width, g distance between viscidia, h- petal width, i- petal length, j- spur
length, k- spur width (Illustration by Chathurani Ranathunge).

The species that are identified under the revision of Sheviak (2002) and Efimov (2016)
but were not included in this study are, the diploids: Platanthera brevifolia (Greene) Kraenzlin,
Platanthera calderoniae López-Ferr. and Espejo, Platanthera holochila (Hillebr.) Kraenzlin and
the polyploids: Platanthera convallariiofolia Fischer ex Lindley, Platanthera huronensis
(Nuttall) Lindley and Platanthera hyperborea (Linnaeus) Lindley.
Phylogenetic analysis and character mapping
A sequence dataset of 617 low copy nuclear (LCN) loci (Chapter 3) was used to perform
a Maximum Likelihood (ML) analysis by RAxML (v8.2.9) (Stamatakis, 2016). Four Platanthera
taxa- P. hologlottis Maxim., P. leucophaea (Nutt.) Lindl, P. lacera (Michx.) G. Don and P.
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elegans Lindl were used as outgroups to root the phylogeny. These outgroups were selected from
a larger analysis of nine outgroup species to represent diversity among Platanthera species
outside of subgenus Limnorchis (Chapter 3). Jmodel test 2.1.10 (Posada, 2008) was performed in
CIPRES Science Gateway (Miller et al., 2010) for a subset of 10 loci, and this analysis identified
GTR + GAMMA + I model as the best fit substitution model for the matrix based on the Akaike
information criterion (AIC; Akaike, 1981). A rapid bootstrap analysis with 100 replicates was
performed followed by a thorough ML search on the original alignment. This phylogeny was
used to trace the character history across nine diploid species of Platanthera subgenus
Limnorchis in a phylogenetic framework using the trace character history option with parsimony
reconstruction method in Mesquite version 3.61 (Maddison and Maddison, 2010).
Morphological data collected for one quantitative trait, spur length, and three discrete
traits, spur shape, viscidium shape (Figure 4.2) and flower color, at species level, were mapped
onto the phylogeny using the parsimony reconstruction method. The spur shape and spur length
data used for the ancestral character reconstruction were based on the previous literature (Inoue,
1983; Sheviak, 2002). Since the literature had reported a range for the spur length, the maximum
length of spur for each species was used in the ancestral character reconstruction of this trait. In
the discrete character dataset, character states of viscidium shape and flower color were obtained
from literature (Inoue, 1983; Sheviak, 2002) while the character state for the spur shape was
determined based on personal observations and literature (Sheviak, 2002), as information on the
spur shape of some species were not available in the literature. Discrete characters and character
states are described in the Table 4.2 and Figure 4.2.
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Table 4.2

Floral morphological characters and character states used in ancestral character
reconstructions.

Character
Spur length
Flower color
Viscidium shape

Character State
Short (2.8 – 5 mm), medium (5.1 – 7 mm), long (7 – 25 mm)
White or green
Suborbicular to orbicular,
Linear (including variations of elliptic, ovate, and oblong),
Orbicular to quadrate

Spur shape

Cylindric - arcuate, filiform, clavate -scrotiform

Character states were identified from Inoue (1983) and Sheviak (2002)

Figure 1.1

Elaboration of floral morphological traits used in the ancestral character
reconstruction. A- orbicular to quadrate viscidium shape; B- suborbicular to
orbicular viscidium; C- clavate - scrotiform spur shape; D- arcuate spur shape.

Images from: A & B- Raskoti et al., 2017; C - Paul Slichter; D- Lisa Wallace.
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Results
Correlation between floral characteristics
Mean, standard deviation and standard error of the quantitative floral morphological data
collected for each species are shown in the Appendix Table C.1. Platanthera zothecina showed
the highest mean values for the traits - dorsal sepal width, distance between viscidia, lateral sepal
length and lateral petal width. Highest mean values for spur length and lateral sepal width were
found in P. limosa while the lowest mean spur length was in P. purpurascens. P. sparsiflora had
the highest mean dorsal sepal length and the lip length while the highest mean spur width was
found in P. yosemitensis. As per the correlation matrix (Figure 4.3), many of the quantitative
floral characteristics showed significant positive correlation. The greatest positive correlation
coefficients (values greater than 0.6) were found between lateral sepal length and- lip length,
lateral sepal length and lateral petal length and lip length and dorsal sepal length (p < 0.01). A
significant negative correlation of 0.3 was indicated between spur width and lateral sepal width.
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Figure 1.2

Correlation matrix of quantitative floral traits from Pearson correlation analysis

Positive correlations are displayed in blue and negative correlations in red color. Color intensity
of the values are proportional to the statistical significance of the correlation coefficients, (p =
0.05, n = 87). In the right side of the correlogram, the legend color shows the correlation
coefficients and the corresponding colors. Abbreviation: SPUR_LEN: spur length ,SPUR_WID:
spur width, L_PET_LEN: lateral petal length, L_PET_WID: lateral petal width, LIP_LEN: lip
length, LIP_WID: lip width, DBV: distance between viscidia, D_SEP_WID: dorsal sepal width,
D_SEP_LEN: dorsal sepal length, L_SEP_WID: lateral sepal width, L_SEP_LEN: lateral sepal
length. Data collected from 87 samples are shown in the Table C.1
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Diversity in floral micromorphology
Spur interior
Scanning electron microscopy enabled study of micromorphology of floral structures in
subgenus Limnorchis. In Figure 4.4, papillate cells, the microstructures that line the interior of
the nectar spur, are shown. All the observed species in the subgenus Limnorchis possess this
papillate layer even though the papillae differ in their length and shape across species. Among
the samples studied, P. sparsiflora had the longest papillate cells, with a length of 237 uM, while
the shortest length was 92 uM, which was found in P. aquilonis. While some of the papillae have
a cylindric shape (Figure 4.4 F), others have a slightly to markedly clavate shape (Figure 4.4 A,
4.4 D, 4.4 E). It is also evident that the density of these papillae differs among species. Density
of papillae in the middle of the spur ranged from one in P. aquilonis to four in P. stricta papillae
per 10,000 uM2 while most species had three papillae in this same area. A higher density of
papillae was observed towards the tip of the spur where nectar is accumulated. A negative
correlation coefficient of -0.0403, which was statistically not significant (p = 0.924) was found
between spur length and density of papillae.
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Figure 4.2

Papillae in the interior surface of nectar spur

A- P. dilatata, B- P. purpurascens, C- P. aquilonis, D- P. stricta, E- P. tescamnis, F- P.
sparsiflora. Images were taken by the JEOL JSM-6500F Field Emission SEM at I²AT, MSU.
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Column
The central organ in an orchid flower which is formed by fusion of the androecium and
gynoecium (i.e., stamen and pistil, respectively) is called the column or gynostemium. The
column includes the stigma, rostellum, pollinarium, viscidium, anther connective, lateral wall of
the column, and staminode (Inoue, 1983). The columns of subgenus Limnorchis, are short but
well-developed (Figure 4.5). The stigma, which receives pollen, usually has minute papillae that
act as an adhesive disc. In Platanthera, stigmas have either a concave or convex surface (Inoue,
1983). In species of subgenus Limnorchis, a concave stigma was observed.
Empty anther theca from which pollinaria have been removed are shown in Figures 4.5
A, 4.5 B and 4.5 F. These are sometimes referred to as anther auricles, which have protrusions
that were formerly occupied by pollen massulae, or groups of pollen grains. The theca is adnate
to the column. The pollinia have a single locule and a clavate shape with oblong to ellipsoid
massulae that are granular-farinaceous and sectile (4.5 C). Figure 4.5 G is an image of magnified
massulae, with pyriform shape and triangular outline. The average length of massulae is 112 uM.
Two different formations of pollinaria, parallel and convergent to each other, are shown in Figure
4.5 A and 4.5 B, respectively. In the parallel formation, the distance between the pollinium
apices is approximately similar to the distance between the viscidia and in the convergent
formation, the distance between viscidia is greater than the distance between the pollinium
apices. Based on my observations, an average length of the pollinarium, including the pollinia,
caudicle, and viscidium is 1-1.5 mm for all observed species (Figure 4.5 C). In the samples
observed, the shape of viscidia in subgenus Limnorchis was identified as orbicular in most
species (4.5 C), and this was observed based on the shape of the cavity of displaced viscidia, as
well (Figure 4.5 D). The rostellum was easily characterized above the stigma, by its unique
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triangular or V-shape (Figure 4.5 D). Even though the other two stigmatic lobes were not
distinguishable, it was clear that the upper edge of the median stigma lobe is transformed into the
rostellum forming a structure which separates the anther from the stigma.
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Figure 4.3

Diversity in column structure in Platanthera subgenus Limnorchis

A- parallel position of pollinaria in P. stricta, B- convergent position of pollinaria in P.
sparsiflora, C- complete pollinium of P. aquilonis (from dissection microscope), p – pollinium,
c- caudicle, v- viscidium, D- column of P. purpurascens, r- rostellum, s-stigma, v- cavity of
viscidium, white arrows indicate insect scales and black arrows indicate pollen grains that were
attached to the stigma, E- pollinia still remaining inside the anther locules in P. dilatata,. F- inner
surface structure of anther theca in P. stricta, G- pollen massulae.
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Perianth cell morphology
Micromorphology of the lip, dorsal sepal, lateral sepals, and lateral petals was studied.
Figure 4.6 displays the adaxial epidermal layers of the perianth. The characteristics of the
epidermal cell layer are described here based on the categorization used by Bailes and Glover
(2018). In Figure 4.6 A-C flat epidermal layers in the lips are shown. The lip epidermal cells of
most of the observed species have a clear, unique, tabular shape similar to P. dilatata and P.
stricta as shown by Figure 4.6 A and B. A slightly different polygonal to oval shape cells were
observed in the lip epidermis of P. aquilonis. The surface of the cells was clearly striated in P.
dilatata, and P. aquilonis (4.6 A & C). Striations were not prominent in the other species
observed. All lip surfaces were ecallose. In Figure 4.6 D-F epidermal cell layers of the dorsal
sepals of P. tescamnis, P. dilatata and P. stricta are shown. These sepals have flat cubic
epidermal cells and stomata were evident. Cell surfaces are smooth without any striation.
Diversity in the lateral sepal epidermis of P. tescamnis, P. dilatata and P. sparsiflora are shown
in Figure 4.6 G-I. Both tabular and irregular cell shapes were observed in the lateral sepals of P.
tescamnis (4.6 G), while P. dilatata and P. sparsiflora had tabular epidermal cells. All of the
species had clear striations and stomata in lateral sepals. The last set of images, Figure 4.6 J-L,
illustrate the epidermal layers of lateral petals, which have cubic cells with smooth surfaces.
These were the only part of the perianth which did not have stomata, regardless of flower color.
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Figure 4.4

Diversity in the adaxial surface epidermal layers of lips, dorsal sepals, lateral
sepals and lateral petals

A- C: lip epidermal of P. dilatata, P. stricta, P. aquilonis. D- F: dorsal sepal epidermal of P.
tescamnis, P. dilatata, P. stricta. G- I: lateral sepal epidermal of P. tescamnis, P. dilatata, P.
sparsiflora. J- L: lateral petal epidermal of P. purpurascens, P.
dilatata, P. stricta.
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Evolution of floral traits across the phylogeny
The maximum likelihood analysis of the 617 low copy nuclear loci dataset recovered a
well-supported phylogeny (97% or greater bootstrap values for all nodes). The results of the
ancestral character reconstructions across this molecular phylogeny of subgenus Limnorchis,
using the parsimony reconstruction method of Mesquite are shown in Figure 4.7 A- E.
Reconstruction of flower color (Figure 4.7 A), considering only the basic color variations of
green and white, indicates that the ancestral color of the most recent common ancestor (MRCA)
of subgenus Limnorchis was green. Based on this phylogenetic reconstruction, a white perianth
has independently arisen only once in P. dilatata from green flowers.
Another prominent floral trait in the genus Platanthera is the nectar spur, which is an
extension of the lip. Even though all species in subgenus Limnorchis have a nectar spur, distinct
spur shapes have not been thoroughly documented. Based on the samples I studied, three spur
shapes were identified: 1) cylindric to arcuate, 2) filiform, and 3) saccate or scrotiform. As per
the ancestral character reconstruction (Figure 4.7 B), the MRCA of subgenus Limnorchis had a
saccate spur, and this trait is symplesiomorphic in P. stricta, P. yosemitensis and P.
purpurascens. The cylindric to arcuate spur, which is slightly curved like a sickle was observed
in P. zothecina, P. aquilonis and P. dilatata and this trait has evolved from a single origin, in all
three species. A filiform spur, which is long and slender without prominent curving, was
observed in P. tescamnis, P. limosa and P. sparsiflora, and appears to have evolved
independently in these species. I also studied variation in the spur length (Figure 4.7 D) under
three categories, short, medium, and long. Based on the parsimony reconstruction, a
comparatively longer spur has evolved independently in P. zothecina and P. limosa,
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P. dilatata and P. sparsiflora while shorter spurs have evolved in P. purpurascens, P.
yosemitensis and P. aquilonis. Platanthera tescamnis and P. stricta have medium length spurs.
Based on my results, spur length does not appear to be directional from long to short or short to
long.
The viscidium, or sticky disc at the base of the pollinarium (Figure 4.5 C), is considered
another important feature in orchid pollination biology. A forward-facing viscidium is identified
as a synapomorphy for subgenus Limnorchis (Efimov, 2016), and this was also observed in
specimens studied here by the shape and the direction of the cavity, where the viscidium resided.
Based on previous taxonomic revisions (Inoue, 1983; Sheviak, 2002), three major shapes were
identified among the studied species of Platanthera. They were, 1) suborbicular to orbicular, 2)
linear to elliptic, ovate, or linear oblong, and 3) orbicular to quadrate. Within subgenus
Limnorchis, viscidium shape varied across the phylogeny (Figure 4.7 C). Based on the ancestral
character reconstruction, a suborbicular to orbicular viscidium was plesiomorphic in some
species such as P. stricta, and this trait has independently also evolved in P. zothecina and P.
aquilonis, as well. Most of the species within the subgenus evolved viscidia that are in the broad
category of linear to elliptic, ovate, or linear oblong. Orbicular-quadrate shape has arisen once in
P. yosemitensis.
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Figure 4.5

Traced character history of discrete and continuous floral traits across the
phylogeny of subgenus Limnorchis

Characters and character states are described in the Table 4.2. A- floral color, B- spur shape, Cviscidium shape, D- spur length. Circles and branches in grey indicate the outgroup taxa
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Figure 4.7 (continued)
Characters and character states are described in the Table 4.2. A- floral color, B- spur shape, Cviscidium shape, D- spur length. Circles and branches in grey indicate the outgroup taxa
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Discussion
Previous taxonomic revisions have identified subgenus Limnorchis as a distinct lineage
with floral characteristics that are variable within the subgenus but also intermediate at times
(Hapeman and Inoue, 1997; Sheviak and Jennings, 2006). The presence of interspecific
varieties with minor morphological deviations is a major challenge for accurate circumscription
of the species in subgenus Limnorchis. Additionally, previous systematic studies on subgenus
Limnorchis were not based on a well-supported phylogenetic context, hence, a comprehensive
morphological study on this subgenus has not yet been done. In this study I present additional
morphological diversity in the subgenus Limnorchis and their evolutionary trends in a
phylogenetic context.
Different floral organs have varying degrees of importance in how pollinators interact
with Platanthera flowers (Hapeman and Inoue 1997). Even though I did not perform pollination
experiments, studying diversity in floral traits that are potentially linked to pollinators, within a
phylogenetic context, allows me to predict how different floral morphological traits may be
developmentally constrained by or shift in response to interactions with pollinators, eventually
leading to reproductive isolation and divergence into distinct lineages. This trend has been
observed in some Platanthera species. There is evidence in some species of Platanthera, which
had evolved from larger- flowered ancestors and speciated through reducing the flower size
(Bateman et al., 2015). In Platanthera holochila and Platanthera hyperborea, column structure
has been reduced drastically but without becoming dysfunctional (Bateman et al., 2015).
Additionally, the size of the sepals defines the available space for the growth of the inner floral
parts by placing a mechanical force on them (De Craene, 2018) as sepals enclose the inner petals
and column structure until anthesis occurs (Bateman and Sexton, 2008).
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The correlation analysis of quantitative floral characteristics (Figure 4.3) indicated
significant positive and negative correlations among the dimensions of perianth parts suggesting
synchronized development. This coordinated variation of functionally, and/or developmentally
related features of organisms is defined as the morphological integration (Diggle, 2014). In
response to associations with pollinators, a successful pollination will be facilitated by the effective
orientation of the pollinator on the floral organs and accessibility to pollinia and the stigma (Diggle,
2014). Studies on other angiosperms have shown that floral organs which are more involved in
pollinator handling compared to the other floral organs are highly correlated (Herrera, 2001).
Bateman et al., (2015) have presented evidence for clear patterns of correlation between the
dimensions of floral parts in genus Platanthera, including representatives of subgenus Platanthera
and Limnorchis. In this study, strong positive correlation between several pairs of floral
dimensions have reported. They are, lip length and the spur length, lateral sepal width and length,
and gynostemium width and length. All these pairs of traits have indicated strong correlation while
less strong positive correlation was indicated between the traits; separation of viscidia and
separation of pollinia apices. These results on correlation between perianth parts had led to the
understanding of the presence of strong developmental and functional constraints that act upon the
floral parts.
My results on the greater correlation between the lip length and lateral sepal length may
be indicative of the above mentioned phenomenon of morphological integration as well, because
previous studies on pollination biology of orchids have elaborated the importance of lip and the
lateral sepals in pollinator handing as follows. Lip is known to serve as the landing platform for
pollinators (Dressler, 1990) and the lateral spreading sepals provide a holdfast for pollinators so
that they can rest their forelegs on the sepals while searching for nectar (Claessens et al., 2019).
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Simultaneously, characteristics of the lip, such as the length and width determine the surface area
available for a pollinator to land or otherwise manipulate the flowers. Therefore, this study
suggests that species of subgenus Limnorchis display floral morphological integration, possibly
in response to selection mediated by the pollinators.
Floral micromorphology in Platanthera subgenus Limnorchis
Micromorphology of the genus Platanthera has recently gained more attention as a
criterion for species delimitation (Bateman et al., 2015; Gamarra et al., 2008;). Commonly
observed micromorphological traits in these studies are the surface epidermal of the perianth
parts, column structure, papillate cells within the spur and the micromorphology of seed testa. A
recent study of the polyploid P. hyperborea reported several discriminating micromorphological
features that have not been previously reported (Bateman et al., 2015). Some of these features are
the toothed bract margin and club-shaped papillae in the nectar spur and the stigmatic surface of
P. hyperborea. Papillate layer inside the spur is considered a characteristic feature of Platanthera
(Efimov et al., 2009). In this study, with a similar approach, SEM data enabled me to study
features within the nectar spur, the column and the epidermal layers of the perianth in the
subgenus Limnorchis and my observations were similar to previous studies except for a few
traits.
Regarding the nectar spur, all species had papillae inside the spur with minor differences
in the papillae shapes, but they were mostly club-shaped. No pattern between the density of
papillae and spur length was observed, but there was variation in the density and length of the
papillate cell. There are different arguments on the functionality and the evolutionary importance
of these papillae in orchids (Bell et al., 2009; Stpiczynska, 1997;). Members of subgenus
Limnorchis are known as nectar rewarding species, and the spurs are considered the nectar
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reservoirs. Previous studies have concluded that there is a strong positive correlation between the
presence of nectar and the papillae inside the spur (Bell et al., 2009). It is suggested that these
papillae contribute to increase the surface area of the spur, and they can effectively reabsorb
sugars from extra nectar inside the spur in order to save energy. However, studies have also
shown that some of the non-nectar rewarding orchids such as Orchis and Dactylorhiza (Bell et
al., 2009), also have papillate spurs which suggests that the actual functionality of papillae across
Orchidaceae may not be fully understood.
The column, a structure composed of several evolutionarily significant traits such as the
pollinarium, rostellum, stigma and anther locules, is influenced by pollinators. Many features of
the column have been used in making taxonomic decisions (Inoue, 1983). Based on the literature
(Inoue, 1983; Efimov, 2009; Gamisch et al., 2015) on the ancestral and the derived states of
column features, Platanthera species appear to have evolved from a poorly developed ancestral
form of a rostellum into a well- developed and modified rostellum. In the observed specimens of
subgenus Limnorchis, well developed rostella with clear triangular shapes were identified
(Figure 4.5 B, D). They were also comparable to the rostella of Platanthera hyperborea,
observed by Bateman et al., (2015) A well-developed rostellum in-between the stigma and the
pollinia will reduce the chances for autogamy and thereby facilitate cross-pollination. Even
though a well-developed rostellum is likely an evolutionary advancement, some north-temperate
terrestrial orchid genera such as Epipactis, which is identified with many ecologically successful
lineages, is known to have a reduced size of the rostellum. A reduced rostellum promotes the
pollen masses to crumble on the stigma and thereby facilitates autogamy. Simultaneously, it has
been suggested that an autogamous pollination syndrome has also prevented the lineages of
Epipactis from diverging into novel species, instead becoming evolutionary dead-ends (Efimov,
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2009). Theory suggests it is unlikely that a reversal from autogamy to out-crossing would occur,
and lineages that display autogamy suffer from higher rates of extinction owing to a reduced
potential for adaptation and the accumulation of deleterious mutations (Gamisch et al., 2015). A
hypothesis of autogamy promoted by the reduced rostellum, is further supported by another
orchid genus, Neolindleya. With a similar evolutionary background, it is suggested that their
failure to speciate further is a consequence of autogamy (Efimov, 2009). Platanthera aquilonis
and P. hyperborea are well-known as autogamous taxa within the subgenus Limnorchis.
However, my observations on P. aquilonis have not given any direct evidence on poorly
developed rostella or autogamy based on the column structure, suggesting that this species may
use both autogamy and outcrossing.
The presence of pollinia is a unique characteristic that had evolved independently only in
two angiosperm families, Orchidaceae and Asclepiadaceae (Johnson and Edwards, 1999). Within
the Orchidaceae, pollinia and pollinaria are found only in two of the five subfamilies,
Orchidoideae and Epidendroideae (Singer et al., 2008). The evolution of pollinia has caused
major morphological modifications in flowers such as the reduction of the number of fertile
stamens to a single organ and the fusion of stamen and pistil into a column. Pollinia are
considered as pollen packets that aid in precise placement of pollinaria in different body parts of
pollinators. Studies have suggested that the mechanism of specific positioning of pollinaria of
different orchid species in different body parts of the same pollinator may have greatly
influenced the diversification of closely related orchid species (Givnish et al., 2015). When the
pollinium or pollinia are joined to a viscidium at the base with or without a caudicle, this
complete structure is known as the pollinarium (Johnson and Edwards, 1999). Despite its minute
size, the caudicle has an important functionality during the process of pollination. Pollination
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studies of orchids have observed a special mechanism in the caudicle, which is that it likely aids
in reducing geitonogamous pollination. Within 20 seconds to few hours after the removal of the
pollinarium, the caudicle will bend forward. Another mechanism that promotes outcrossing in
orchids is the temporary retention of the anther cap. Studies on pollination biology of orchids
have reported on three different types of pollinium as, 1) sectile, 2) soft and 3) hard. Species in
the subgenus Limnorchis have sectile pollinia with massulae that are interconnected with weak
strands of elastoviscin (Freudenstein and Rasmussen, 1997). The evolutionary advantage of
sectile pollinia is the ability to pollinate several flowers with the same pollinium during the
pollination process because not all pollen grains are removed from a pollinium when a pollinator
makes contact with the stigma. Compared to plants with powdery pollen, pollination success is
much greater in orchids with pollinia due to less wastage of pollen grains during the
transportation of pollen to the stigma as a package (Johnson and Edwards, 1999). Among the
observed columns of subgenus Limnorchis, some had pollinia or pollen massulae still attached to
the anther auricles, which enabled me to observe the features of a complete pollinarium with a
clavate pollinium, caudicle and viscidium. According to previous studies, massulae with similar
shape and outline have been characterized in one of the closely related genera, Habenaria
(Passarelli and Rolleri, 2010). Pollen massulae, as a morphological trait has been examined in
only eight species of Platanthera thus far (Efimov, 2011). This study has been able to add to the
available data on micro-morphological features related to the shape of the pollinium, pollen
massulae and the inner surface of the anther locules in Platanthera subgenus Limnorchis.
Micromorphological features like the presence of stomata in flowers have rarely been
used in plant taxonomy to discriminate species (Shah and Kothari, 1975). However, previous
studies have reported the presence of stomata in the floral organs of petals, sepals, column and
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some lips of orchids (Hew et al., 1980) and in the floral parts such as sepals, petals, stamens,
carpels, and nectaries in other angiosperms (Esau, 1965). Based on previous work, the presence
of stomata in the floral organs of orchids has not been consistent and it has been reported that
some orchids such as Cattleya were devoid of stomata (Hsiang, 1951). In the orchids, Arundina,
Aranda, Cattleya, Oncidium studied by Hew et al., (1980), none of the orchids have had stomata
in the adaxial epidermis of the lip.
There are a few hypotheses on why stomata would be present in flower organs. Studies
have found that there are other functions of the perianth in addition to its contribution towards
pollination. Stomata in green floral organs in some plant species are found to contribute
significantly to photosynthesis (Blanke 1989; Blanke and Lovatt, 1993), while in some alpine
species, green petals serve as paraboloid antennas to focus radiation into the gynoecium to
facilitate effective pollination and fertilization (Krannitz and Aarssen, 1992). Another important
functionality in floral stomata would be the involvement in adaptive mechanism to regulate the
high floral temperatures in environments with high solar radiation (Patino and Grace, 2002).
Most recent work by Bateman et al., (2013, 2015) also report the presence of stomata in
the perianth parts of Platanthera section Platanthera and subgenus Limnorchis. However, they
report that they were unable to detect stomata in the adaxial surface of the perianth in the single
species they observed in subgenus Limnorchis, P. hyperborea, as opposed to species in section
Platanthera. With regards to the presence of stomata, this study has made contrasting
observations, by detecting stomata in the adaxial surface of the species in subgenus Limnorchis. I
found that stomata were present on the sepals and petals, regardless the flower color, in the
studied species of subgenus Limnorchis. This observation suggests that the associated guard cells
in the white colored petals of P. dilatata are either achlorophyllous or contain very low levels of
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chlorophyll (Ohmiya et al., 2014). However, this does not necessarily mean that these stomata
are non-functional, as the previous studies have suggested the mere absence of chlorophyll in the
guard cells does not imply the non-functionality of stomatal movement (Hew et al., 1980). This
same study has inferred that the transpiration rate in the orchid flowers is comparable to the
cuticular transpiration rate in leaves, further suggesting that stomata in flowers are not
necessarily non-functional. Based on the hypotheses suggested by previous work and considering
the biogeographic diversification, a potential speculation that I can make on the species of
subgenus Limnorchis would be that the presence of the floral stomata may have an adaptive
significance in colonizing diverse ecosystems.
In summary, evidence on important micromorphological features related to the nectar
spur, epidermal layers and column of the subgenus Limnorchis were presented from this study
and this observations would be helpful in generating a complete dataset that would aid in future
studies of identifying taxonomic boundaries of species in the subgenus Limnorchis. Patterns of
the observed micromorphological traits were consistent within the subgenus Limnorchis and
therefore, it is less likely to utilize them in species delimitation within the subgenus. However,
they may be distinctive at the subgenus level in comparisons to other Platanthera species.
Evolutionary diversification of floral traits in Platanthera subgenus Limnorchis
The ancestral reconstruction of floral traits aided in understanding evolutionary shifts that
have occurred as species of subgenus Limnorchis diversified. I studied the evolution of floral
color, nectar spur shape, viscidium shape, and nectar spur length. I emphasized these traits
because based they have been identified in other studies as some of the most important floral
traits in orchids that aid effective pollination (Hapeman and Inoue, 1997), and they have been
used in discriminating species (Adhikari and Wallace, 2014; Luer, 1975; Rydberg, 1901). As I
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hypothesized, my results indicated that some floral morphological characters have evolved in
parallel in phylogenetically distant species, within subgenus Limnorchis.
Flowers of Orchidaceae are found to be pollinated by diverse species of pollinators,
including the most common orders of Lepidoptera, Hymenoptera, Diptera and Coleoptera
(Micheneau et al., 2010, Newman et al., 2011) and occasionally, by vertebrates, such as small
birds (Siegel, 2011). In general, while there are some orchids that are highly specialized for a
particular pollinator, many of the pollination syndromes in orchids target not just to a single
pollinator, but a guild of pollinators or a functional group of pollinators such as long-tongued
pollinators, short-tongued pollinators, nocturnal moths, diurnal moths etc. (Argue, 2011). Studies
have identified similar functional groups of pollinators that are associated with the pollination
syndromes across Platanthera (Argue, 2011; Hapeman and Inoue, 1997; Inoue, 1983). A
pollination syndrome is “a group of floral traits that occur together, typically in plants pollinated
by a particular agent” (Rausher, 2008). According to Hapeman and Inoue (1997), the most
common pollination syndrome observed in subgenus Limnorchis is pollination by generalized
settling moths, but this study included only four species of this subgenus and did not account for
all known pollination modes in this group. Species of subgenus Limnorchis are pollinated by
insects such as noctuid moths, pyralid moths, geometrid moths, bees, butterflies and flies (Argue,
2012). Specifically, Syrphid flies and Staphylinid beetles are identified as the pollinators of P.
stricta (Patt et al., 1989). Similarly, species in Lepidoptera families Hesperiidae and Noctuidae
have been observed as the effective pollinators of the P. dilatata (Patt et al., 1989). Even though
associations with other groups such as Hymenopteran and Dipteran insects have been observed,
they may not contribute to effective pollination (Boland, 1993). In some areas of its range, the
white-flowered P. dilatata is pollinated by noctuid moths and displays the classical syndrome of
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white flowers which are typically pollinated by the hawkmoths or noctuid moths (Boland, 1993;
Hapeman and Inoue, 1997). Additionally, P. dilatata var. leucostachys is found to be visited by
different types of butterflies including California Dogface, Western Tiger Swallowtail, Pale
Swallowtail, Anise Swallowtail and Two-tailed Tiger Swallowtail (Caldwell, 2017). Other
species, like P. stricta, are pollinated both nocturnally and diurnally by geometrid moths, bees
and flies (Hapeman and Inoue, 1997; Patt et al., 1989). Among the species in subgenus
Limnorchis, facultatively autogamy is also present, e.g., in P. aquilonis (Catling and Catling,
1991; Sheviak, 2001) and P. hyperborea (Bateman et al., 2015). Thus, this diversity of
pollinators is expected to have influenced the floral traits found in species of subgenus
Limnorchis.
In general, flower color is considered an important element of a specific pollination
syndrome together with the other traits such as the scent, presence or absence of nectar and
pollination time (i.e., diurnal or nocturnal). Flower color is often evolutionarily labile (Wessinger
and Rausher, 2012) and trends in shifting flower color to change from one pollination syndrome
to another are commonly studied in orchids (Hapeman and Inoue, 1997; Inoue, 1983; Schiestl
and Schlüter, 2009). It is understood that flower color is an important trait in the floral display
that influences the attractiveness of the flower for pollinators and thereby increases reproductive
success (Pellegrino et al., 2017).
Species identified in subgenus Limnorchis have a narrow range of floral colors varying
from white to green. Even though there are variations in the green-flowered species, such as lips
that are pigmented with yellow (P. aquilonis, P. sparsiflora) or blue (P. purpurascens), for my
analysis I categorized them based on the two main color, white and green. According to the
results, the ancestral flower color of subgenus Limnorchis was green, and there was only one
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shift in the color from green to white in the evolution of P. dilatata. Convergence in floral color
has not been indicated within the subgenus from my results, even though there is previous
evidence that convergent evolution in flower color has occurred numerous times across
Platanthera (Hapeman and Inoue, 1997).
The green color in plants is caused by the presence of the pigment, chlorophyll and it has
been proven that the difference in the chlorophyll content in non- green and the pale green petals
in flowers is resulted by the different levels of chlorophyll biosynthesis (Ohmiya et al., 2014).
Transitions from a non-white flower to a white flower, as in the evolution of P. dilatata, is a
common observation across many angiosperms and this transition is mostly caused by the loss of
particular floral pigments such as anthocyanin, carotenoids and chlorophyll (Wessinger and
Rausher, 2012). A change from colored to white perianth organs is commonly suspected to
result from flowers that shift from diurnal pollinators, such as bees or hummingbirds, to
nocturnal pollinators, such as moths and bats (Grant, 1994). Even though it is not fully
understood whether the pigmentated perianth organs is the ancestral state of angiosperms, many
angiosperms have indicated the transitioning from ancestral, pigmented (non-white) flowers to
derived, white flowers. As indicated in the ancestral trait reconstruction, white flowers are
derived from ancestral green flowers. The transitioning from green to white flowers is considered
an important milestone in the flower color evolution as it will enable the flowers to be more
conspicuous among the green color leaves, and attract the pollinators (Ohmiya et al., 2014).
Therefore, white flowers are likely a “novel” trend in flower color evolution (Wessinger and
Rausher, 2012).
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Evolution of spur length and shape
The nectar spur in Platanthera is another important floral organ which is associated with
a nectar-rewarding, pollination syndrome (Hapeman and Inoue, 1997; Inoue, 1983). Traits such
as the shape, length and the width of the spur directly affect the volume of the nectar reservoir.
Additionally, these parameters directly influence the success of pollination since the length and
width of the spur determines whether the proboscis of insect pollinators can be inserted into the
spur easily and smoothly, and whether the end of the proboscis reaches the nectar reservoir. The
pollinator can insert its proboscis only if the spur is sufficiently long (Inoue, 1983; Claessens et
al., 2019), and this ability will directly affect where pollinia will be attached, either on the eyes
or proboscis.
I studied the evolutionary trend in the spur length in relation to lip length as it has been an
interpretation used in many previous studies (Adhikari and Wallace, 2014; Luer, 1975; Rydberg,
1901). This study presents evidence that the MRCA of the subgenus Limnorchis had a spur
length equal to the lip length and during the evolutionary process, the spur length has changed in
multiple directions, resulting in shorter and longer spurs relative to the lip. Pollination studies
have found that the lip acts as a platform for the insect to land and direct its proboscis into the
spur, but it is unlikely that the lip and the spur develop in synchrony. As discussed earlier, lip is a
major determinant of the flower size and my results indicated that the variation in morphometrics
in the subgenus Limnorchis is greatly contributed by the lip length. However, the lip is an inner
perianth part which is enclosed by the outer perianth parts- sepals, during the floral development
and therefore, the lip is likely developmentally constrained while selection for long nectar spurs
is pollinator-mediated. The evolution of long spurs compared to the lips in, for example, P.
zothecina and P. limosa and short spurs, as in P. stricta and P. purpurascens, is indicative of this
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developmental constraint. In addition to the pollinators, studies have also found that spur length
in Platanthera is regulated by some abiotic factors such as the latitude, shade level and the soil
characteristics such as pH and the moisture content (Bateman and Sexton, 2008). However, my
study does not suggest any directional change in the spur length from long to short or short to
long spur.
The three different spur shapes I used were easily identifiable in the observed species and
my results indicated that the ancestral spur shape of the subgenus Limnorchis is likely a saccate
or scrotiform shape. Compared to the other spur shapes that are longer and slender, saccate
shaped spurs are short and have a unique bulbous shape with a swollen end. Therefore, the
inference from my study reinforces previous evidence on short ancestral spur shape (Inoue,
1983; Hapeman and Inoue, 1997). My study also inferred that some spur shapes, such as the long
filiform spur, have evolved twice, in distinct lineages, while saccate spurs show homoplasy.
Importance of the viscidium shape in pollination
The viscidium, or sticky disc at the base of the pollinarium has different shapes,
potentially as an adaptation to effectively attach to the proboscis or other parts of insect
pollinators (Inoue, 1983). Similar to floral scent, viscidial presentation is also identified as an
important feature that determines effective pollinators and thereby influences out-crossing (Luer,
1975; Nilsson, 1983; Sheviak, 2002). In species capable of autogamy, the viscidium is absent or
the caudicle is very weak (Catling, 1991; Gamisch et al., 2015; Sheviak, 2001). Species in
Orchidoideae, including subgenus Limnorchis, have two pollinaria, each with an independent
viscidium (Figure 4.4C). The sticky part of the viscidium is made from the breakdown of
stigmatic cells (Johnson and Edwards, 1999). It is surprising that this miniscule part has many
different shapes within Platanthera, and this has been rarely studied in the previous literature on
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the genus. Some of the shapes identified across the genus Platanthera are orbicular,
suborbicular, ovate, deeply concave, lanceolate, flat or slightly twisted (Efimov, 2016).
Even though the functional importance of viscidia for pollinator interactions is well
understood by many studies (Hapeman and Inoue, 1997; Inoue, 1983; Johnson and Edwards,
1999), studies on the effect of specific viscidium shapes to different pollinator syndromes are
lacking. It is observed that the orchids pollinated by bees and flies have globose viscidia while
the species that are exclusively pollinated by lepidoptera species and birds have plate-like
viscidia (Kaur and Kaur, 2016). In Platanthera, the ancestral form of a flat viscidium has
evolved into an incurved viscidium, indicative of a more specialized form, while the caudicle has
evolved from short length to a long caudicle (Inoue, 1983). The results of this study indicate that
the ancestral state of the viscidium shape for subgenus Limnorchis is equivocal. However, a
novel, orbicular to quadrate shape has been derived independently. Based on the well-known
functionality of viscidium in relation to pollination, I can speculate that the shape should
facilitate sticking onto a specific place on the insect body and also provide sufficient surface area
to attach.
Conclusions
This study suggests that many floral organs in the species of subgenus Limnorchis
indicate significant positive correlation, leading to a synchronized floral development or
morphological integration as a means of effective associations with pollinators. This study of
micromorphology presented data on additional floral characteristics such as the presence of
stomata in perianth and papillate layer inside the nectar spur, that are potentially useful in species
delimitation across the genus Platanthera. Previously, micromorphology data were present only
for few species such as P. hyperborea, in the subgenus Limnorchis. My study will provide
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additional evidence on the presence of some micromorphological features that have been
previously identified in other subgenera of Platanthera. Even though the pattern observed in
micromorphological traits were consistent within the subgenus Limnorchis, they may be
distinctive at the subgenus level if there are other studies to compare to. Additionally, wellpreserved three-dimensional structures such as papillae, epidermal layers and anther theca
suggest that the herbarium specimens, when properly processed could provide important
morphological data, especially with SEM.
Based on well- supported phylogeny of subgenus Limnorchis, this study supported the
hypothesis that some floral morphological traits in subgenus Limnorchis display convergent
evolution. Among those traits that clearly indicate convergent evolution are the spur shape and
the spur length. Longer spur relative to the lip length has convergently evolved in P.
zothecina and P. sparsiflora while the filiform spur shape in P. tescamnis, P. limosa and P.
sparsiflora has convergently evolved. Additionally, a reversal has occurred in the lineage of P.
purpurascence, resulting in a clavate spur shape similar to the spur shapes of P. stricta and P.
yosemitensis. Another occurrence of reversal in the spur length is suggested in the lineages of P.
dilatata and P. tescamnis. According to my study, their ancestral spur which was equal in length
compared to the lip had shifted to a longer spur and again reversed back to the equal length spur.
The white color in the flower has independently evolved only once within the
subgenus Limnorchis, in P. dilatata. Among the viscidium shape, orbicular/quadrate shape in P.
yosemitensis is likely a novel trait that has been independently evolved. Based on these
observations, it can be inferred that floral traits such as spur length, spur shape and viscidium
shape in the subgenus Limnorchis are evolutionarily labile.
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CHAPTER II
SUMMARY
This dissertation was aimed at addressing questions related to the biogeography, floral
morphological diversity and trait evolution, in Platanthera subgenus Limnorchis. I utilized
multi-locus phylogenetic approaches with different marker systems to develop a robust
molecular phylogeny for the subgenus Limnorchis and thereby address the below-mentioned
questions related to the systematics of subgenus Limnorchis. Markers developed in this project
can be utilized with next-generation sequencing methods in future work, are expected to amplify
across Platanthera, and should be useful in resolving phylogenetic relationships in closely and
distantly related species, as well as for intraspecific projects involving, for example,
phylogeography, gene flow, and hybridization.
1) Do EPIC markers provide a variable toolkit to test the monophyly of subgenus
Limnorchis?
The EPIC loci developed for this project showed variation among species of subgenus
Limnorchis and may aid in increasing resolution in areas of the ITS phylogeny that have not been
resolvable. Several of the EPIC loci contained indel polymorphism within individuals, which
presents a problem using Sanger sequencing but in combination with Next generation sequencing
(NGS) approaches issues like indel heterozygosity can be overcome.
2) Is the subgenus Limnorchis monophyletic compared to other Platanthera species?
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The resulting phylogeny indicated that subgenus Limnorchis is a monophyletic clade with
100% BS support and that the closest outgroup may be species from Asia.
3) Do floral morphological characters display convergent evolution in phylogenetically
distant species due to similarities in adaptations for closely related pollinators?
Based on a well- supported phylogeny of subgenus Limnorchis, this study supported the
hypothesis that some floral morphological traits in subgenus Limnorchis display convergent
evolution. It can be also inferred that floral traits such as spur length, spur shape and viscidium
shape in the subgenus Limnorchis are evolutionarily labile. Additional studies of pollinators
across a wider survey of species will be helpful for refining our understanding of the evolution of
these traits and whether pollinators are major driving forces in floral diversity of subgenus
Limnorchis.
Additionally, this study suggests that many floral organs in the species of subgenus
Limnorchis indicate significant positive correlation, leading to a synchronized floral
development or morphological integration as a means of effective associations with pollinators.
Evidence on the presence of some micromorphological features that are previously identified in
other subgenera of Platanthera were presented. They are potentially useful in species
delimitation across the genus Platanthera.
4) Where is the biogeographic origin of subgenus Limnorchis? Is it East Asia or North
America?
Based on the ancestral biogeographic reconstruction, it was inferred that the origin of the
subgenus Limnorchis occurred in the western North America following the isolation from Asian
conspecifics due to the vicariance event following closure of the Bering land bridge.
Subsequently, species of subgenus Limnorchis diversified across western North America
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beginning ca. 3 Mya. Diversification of taxa in western North America appears to have occurred
rapidly, possibly in association with expansion and contraction of taxa during glacial cycles. The
provided toolkit should allow researchers to further study diversification and biogeographic
spread of Platanthera across regions of the Holarctic.
Limitations of this study
In this study I excluded the polyploid species of subgenus Limnorchis in order to reduce
the complexities that can be caused by them when conducting phylogenetic analyses (Soto
Gomez et al., 2019; Wagner et al., 2019). Even though targeted capture reads can give sufficient
data to detect all alleles at a specific locus, an additional step called allele phasing is required to
avoid the potential inaccuracies and oddities in the placements of polyploids in a phylogeny.
Allele phasing can be done manually for few loci to distinguish between the diploid parental
species for each allele (homologs) if long reads are present (Eriksson et al., 2018) but with many
loci and short sequencing reads, allele phasing is still challenging. Therefore, as a future project,
I aim to utilize novel bioinformatics pipelines together with the target capture data to address
additional questions regarding the polyploid species in the subgenus Limnorchis.
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Table A.1

Samples in the EPIC dataset.

Species
Voucher
Herbarium
P. aquilonis
LEW221
OS
P. aquilonis
LEW227
OS
P. aquilonis
LEW255
OS
P. aquilonis
MK15134
ODU
P. aquilonis
MK15131
ODU
P. dilatata var. albiflora
LEW 275
MISSA
P. dilatata var. albiflora
LEW 276
MISSA
P. dilatata var. dilatata
LEW 298
MISSA
P. dilatata var. dilatata
LEW 296
MISSA
P. dilatata var. leucostachys
LEW 331
MISSA
P. dilatata var. leucostachys
Datwyler 148
SACT
P. dilatata var. dilatata
LEW228
OS
P. sparsiflora
LEW 348
MISSA
P. sparsiflora
Sheviak_6106
NYSM
P. sparsiflora
Sheviak_6500
NYSM
P. purpurascens
LEW 347
MISSA
P. stricta
LEW 358
MISSA
P. stricta
LEW 351
MISSA
P. stricta
Sheviak_6400
NYSM
P. limosa
Sheviak_7002
NYSM
P. limosa
Sheviak & Ron_7002 NYSM
P. sparsiflora var. laxiflora
Sheviak_6520
NYSM
P. purpurascens
Sheviak_6493
NYSM
P. tescamnis
Sheviak_6518
NYSM
P. tescamnis
LEW 365
NYSM
P. yosemitensis
Sheviak_6998
MISSA
P. zothecina
LEW 368
NYSM
P. clavellata
FISHBEIN 5263
MISSA
P. orbiculata
LEW218
MISSA 018387
P. leucophaea
No voucher
P. sparsiflora
Sheviak_6525
NYSM
Samples for transcriptome assembly
P. dilatata
Sheviak_6406A
NYSM
P. dilatata
Sheviak_6364
NYSM
Herbarium acronyms are as follows: MISSA = Mississippi State University; NYSM = New York
State Museum; ODU = Old Dominion University; OS = Ohio State University.
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Table A.2

Samples in the ITS dataset.

Species
Voucher
Herbarium
P. clavellata
Fishbein 5263
MISSA 018387
P. orbiculata
LEW 218
MISSA
P. purpurascens
LEW 347
MISSA
P. stricta
LEW 358
MISSA
P. limosa
Sheviak_7002
NYSM
P. limosa
Sheviak and Ron_7002
NYSM
P. sparsiflora var. laxiflora Sheviak_6520
NYSM
P. purpurascens
Sheviak_6493
NYSM
P. sparsiflora
Sheviak_6106
NYSM
P. sparsiflora
Sheviak_6500
NYSM
P. stricta
Sheviak_6400
NYSM
P. tescamnis
Sheviak_6518
NYSM
P. yosemitensis
Sheviak_6998
NYSM
P. zothecina
LEW 368
MISSA
P. tescamnis
LEW 365
MISSA
P. stricta
Skeviak_6521
NYSM
P. stricta
Skeviak_7036
NYSM
P. dilatata var.
leucostachys
LEW214
OS
P. dilatata var.
leucostachys
LEW236
OS
P. dilatata var. albiflora
LEW261
OS
P. dilatata var. dilatata
LEW237
OS
P. dilatata var. dilatata
LEW220
OS
P. dilatata var. dilatata
LEW233
OS
P. aquilonis
LEW221
OS
P. aquilonis
LEW229
OS
P. aquilonis
LEW222
OS
P. elegans
LEW 340
MISSA
P. stricta
LEW242
OS
P. chlorantha
no voucher
GenBank MK937914
P. leucophaea
Shriver 230
CM
Herbarium acronyms are as follows: CM = Carnegie Museum of Natural History; MISSA =
Mississippi State University; NYSM = New York State Museum; OS = Ohio State University.
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Table A.3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Forward and reverse primers of the 58 EPIC primers tested

Primer name
Pldi_04G15920F
Pldi_04G15920R
Pldi_09G31270F
Pldi_09G31270R
Pldi_06G06720F
Pldi_06G06720R
Pldi_12G29760F
Pldi_12G29760R
Pldi_03G02530F
Pldi_03G02530R
Pldi_01G01130F
Pldi_01G01130R
Pldi_01G35040F
Pldi_01G35040R
Pldi_02G03100F
Pldi_02G03100R
Pldi_07G42640F
Pldi_07G42640R
Pldi_01G01410F
Pldi_01G01410R
Pldi_12G39340F

Sequence
TCCATGTCACCGTCATCAGC
GATAGGAGGGGGAAGGAGGG
TCAAGCTTGGAAGTGCAAGC
CTCTTCCCCACCACAAAGGG
GGAGAAACCCTAACCGGTGG
TTTGCTAGCATCCACTCCCC
GTTGGCATGAACTCTGTCGC
CAACCTCCCACGAGTTCTCC
CCGCAATTTGGTTGGACTGG
ACAACTCCATCTCGACGTGG
TGGAGTTGCAAGGTACTGGG
TGCCATCAACTATCCTCGCG
GGAAAAGCGTTTCGAGCAGG
AGGTGACCAAGCGTAATGGG
GAATCTGAGGTTGGCCAAGC
AACTATCCTTGCAGGCCTCG
GAACCATGGAGCAAGCATGG
TGGCGCATCTTATATTGCAGC
ACTGGGCAATGCGAATGAGA
GGTGGGACCTGAACTCTTCG
TACTTACCCACTTGCTCGGC

Oryza sativa
homolog
Length %GC Tm
OS04G15920
20
55 60.1
OS04G15920
20
65 60.2
OS09G31270
20
50 59.3
OS09G31270
20
60 60.3
OS06G06720
20
60
60
OS06G06720
20
55 59.7
OS12G29760
20
55 59.8
OS12G29760
20
60
60
OS03G02530
20
55
60
OS03G02530
20
55 59.8
OS01G01130
20
55 59.6
OS01G01130
20
55 60.2
OS01G35040
20
55 60.1
OS01G35040
20
55
60
OS02G03100
20
55 59.2
OS02G03100
20
55 59.8
OS07G42640
20
55 59.5
OS07G42640
21
48 59.5
OS01G01410
20
50
60
OS01G01410
20
60
60
OS12G39340
20
55 59.8
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Table A.3 (continued)

22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Primer name
Pldi_12G39340R
Pldi_06G21560F
Pldi_06G21560R
Pldi_10G11340F
Pldi_10G11340R
Pldi_02G50350aF
Pldi_02G50350aR
Pldi_02G50350bF
Pldi_02G50350bR
Pldi_11G33090F
Pldi_11G33090R
Pldi_07G07470F
Pldi_07G07470R
Pldi_02G07740F
Pldi_02G07740R
Pldi_09G20820F
Pldi_09G20820R
Pldi_08G04270F
Pldi_08G04270R
Pldi_04G52500F
Pldi_04G52500R
Pldi_05G47560F
Pldi_05G47560R
Pldi_06G14490F

Sequence
ACCCTCTTAATACGCCGAGG
GAAGCAACACGAGGTGAAGC
CTCCCTTGTTCTCACCACCG
GAATGGAATTCGAGTGGGCG
CGGGTTCAAAACGAGCAACC
TGGAGGAGTAGAGACTGGCC
ATAGCCGTGCATCATCACCC
GCTGTCGGACAAGATTGTGC
TCGACACAAGGTTCAGGACG
TCATGTCCTGGAAGCAGTGG
TCTTATATCCGGGCACTGCG
ACACTTGTTGGTTGGGGAGC
CCCAAGGTATCAACGTTCGC
TGACGTGTTCTTGTTCCGGG
CTACCAGCCAATGTTGCAGC
TGTCATAAACGGGGGAAGCC
AACATTGGGAGCAAAACCGC
CATCGCCTTCAACTTCGTCG
AGCACAGTGACAAGACCACC
AGGAGAGGGTATGGGTTCGG
AGCCCATGTCTGTCTTCTGG
GCTAAGGGAAAGGGGAGAGG
GGCAAGTCTTGAACTTCACCG
AGACGGCTTTATGCTCCTGG

Oryza sativa
homolog
Length %GC Tm
OS12G39340
20
55
59
OS06G21560
20
55 59.8
OS06G21560
20
60 60.3
OS10G11340
20
55 59.3
OS10G11340
20
55 60.3
OS02G50350
20
60
60
OS02G50350
20
55 60.3
OS02G50350
20
55 59.8
OS02G50350
20
55
60
OS11G33090
20
55 59.7
OS11G33090
20
55 59.7
OS07G07470
20
55 60.8
OS07G07470
20
55 59.3
OS02G07740
20
55 60.5
OS02G07740
20
55 59.8
OS09G20820
20
55
60
OS09G20820
20
50
60
OS08G04270
20
55 59.6
OS08G04270
20
55 60.2
OS04G52500
20
60 60.4
OS04G52500
20
55 59.4
OS05G47560
20
60 59.2
OS05G47560
21
52 59.7
OS06G14490
20
55 59.8
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Table A.3 (continued)

46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

Primer name
Pldi_06G14490R
Pldi_03G07800F
Pldi_03G07800R
Pldi_10G32960F
Pldi_10G32960R
Pldi_10G39930F
Pldi_10G39930R
Pldi_01G06470F
Pldi_01G06470R
Pldi_01G09800F
Pldi_01G09800R
Pldi_03G08570F
Pldi_03G08570R
Pldi_12G34370F
Pldi_12G34370R
Pldi_10G04620F
Pldi_10G04620R
Pldi_07G14830F
Pldi_07G14830R
Pldi_11G16430F
Pldi_11G16430R
Pldi_02G02860F
Pldi_02G02860R

Sequence
CAGGTATTGCGGTCCTCACC
CCTATGGATTGGCGACCTCC
AGTATTCTCTCAGCGGCTGC
TGGGGTCATGATGATGGAAGG
AGCCCGAGGGTGAAGTATCC
CCGAGTTCCTATTCGGCTCC
CGCCAGTTCTTGCATATGGC
TGCTGATCCGAACAAAACGC
AGGGCGGGAATAACATCAGC
CGAAGCTCTCTCCAGAACGG
GTCAAGGAGCTCGAGGTACG
TGCCTGGAAGGACAAAGACG
AACTCTCCTGGCTTGCTTGG
GCACGCTCTCAAGAATGTCC
CATAGTGACCTCAACTGGTGC
TTCCGACCTTTCTGTTCGGG
AACTGCAGAATAGGCCACGG
CAGCTGATGATGCTATTTGCC
CCATGTCATGGGCTTTGACC
ATACGGAAGCTGCTGTGTGG
ACATCGATCGAGGCTTTCCC
ACAGTCAGAGGAAGCAGTGC
AGAAGCATCGGTAGGCATGG

Oryza sativa
homolog
Length %GC Tm
OS06G14490
20
60 60.5
OS03G07800
20
60
60
OS03G07800
20
55 59.9
OS10G32960
21
52 59.5
OS10G32960
20
60
61
OS10G39930
20
60
60
OS10G39930
20
55
60
OS01G06470
20
50 59.8
OS01G06470
20
55 60.2
OS01G09800
20
60 60.2
OS01G09800
20
60 59.9
OS03G08570
20
55 60.3
OS03G08570
20
55 60.3
OS12G34370
20
55 59.3
OS12G34370
21
52 58.6
OS10G04620
20
55
60
OS10G04620
20
55 60.4
OS07G14830
21
48 57.7
OS07G14830
20
55 59.2
OS11G16430
20
55 60.4
OS11G16430
20
55 59.9
OS02G02860
20
55
60
OS02G02860
20
55 59.9
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Table A.3 (continued)

69
70
71
72
73
74
75
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94

Primer name
Pldi_02G07680F
Pldi_02G07680R
Pldi_03G01100F
Pldi_03G01100R
Pldi_07G08950F
Pldi_07G08950R
Pldi_08G24390F
Pldi_05G05720F
Pldi_05G05720R
Pldi_11G08670F
Pldi_11G08670R
Pldi_11G26030F
Pldi_11G26030R
Pldi_06G01640F
Pldi_06G01640R
Pldi_12G35360F
Pldi_12G35360R
Pldi_04G02730F
Pldi_04G02730R
Pldi_03G19480F
Pldi_03G19480R
Pldi_10G10990F
Pldi_10G10990R
Pldi_07G10540F
Pldi_07G10540R

Oryza sativa
Sequence
homolog
Length %GC Tm
CGCCTATACCCTCAACCACC
OS02G07680
20
60 59.9
TCCTCCGGTCCTTGATGTCC
OS02G07680
20
60
61
TTCAGTAGTGCGAAGGTGGC
OS03G01100
20
55 60.3
GCAAGCATGAACGCTCATCC
OS03G01100
20
55 60.2
ATGCCACTCGATCTAGGTGC
OS07G08950
20
55 59.6
TCTTTGCGCAAGGTTGTAAGC OS07G08950
21
48
60
ATGCCGCTACCAATACGAGC
OS08G24390
20
55 60.6
TTGGCTCAGGTTTTTGCAGC
OS05G05720
20
50 59.9
TTCTCCAGGCGTTCAAGACC
OS05G05720
20
55
60
TCGACATGATTTGGAGGCGG
OS11G08670
20
55 60.5
TAAGCTGTGCTTCCGGTAGG
OS11G08670
20
55 59.5
ACTGTTGGTCCCTTTCCTGG
OS11G26030
20
55 59.5
TAAATGCTTGGGTGGTTCGC
OS11G26030
20
50 59.1
GGAGTGGACTTGGATTCCCG
OS06G01640
20
60 60.1
TCCTTCGCCAAGTAACTCGG
OS06G01640
20
55 59.8
GGTAACCAGCGAACCAAATGG OS12G35360
21
52 59.8
AAAGAACACCACAAGCTCTGG OS12G35360
21
48 58.7
AGTGGAACAACTGGTCTGCC
OS04G02730
20
55 60.2
ACAGTTATGGCAGTGGCTCC
OS04G02730
20
55
60
TTGTCGACAAGATACCGCCC
OS03G19480
20
55 60.1
TGTTTCTCATCCTCTGGCTCC
OS03G19480
21
52 59.4
TGGTCTTCAAGGACGTCAGC
OS10G10990
20
55
60
GATGCTGGCCAGTCTCATCC
OS10G10990
20
60 60.5
AGCTGGAGTACTTTTGACACC OS07G10540
21
48 57.9
AGTTTTGCTCCATGATCAGCC
OS07G10540
21
48 58.9
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Table A.3 (continued)

95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116

Primer name
Pldi_06G08730F
Pldi_06G08730R
Pldi_04G43030F
Pldi_04G43030R
Pldi_09G08660F
Pldi_09G08660R
Pldi_12G38380F
Pldi_12G38380R
Pldi_08G08060F
Pldi_08G08060R
Pldi_07G03160F
Pldi_07G03160R
Pldi_04G43916F
Pldi_04G43916R
Pldi_11G19250F
Pldi_11G19250R
Pldi_08G34970F
Pldi_08G34970R
Pldi_09G02214F
Pldi_09G02214R
Pldi_08G23360F
Pldi_08G23360R

Sequence
AATTCTCTTCCCGAGGACCG
TCGGCAGTTGTTGATGATGC
AAAATGGGCGACAAACGAGC
GATTGACCATTCCGTTGCCC
GGGGATAAGCTCATCGACGG
ACCCAGAGAGGCGAATTTCC
AGCAACTCTGGAAGGACTACG
CCGCTCCCTATAAACAGCCC
AGCTTCCTGGAGAAATCCCG
CCATGATAAATTCCCGCGCC
GGTGACGGGTCTTGTAGTCG
TGGCCATGCTATGAGCTTCC
TCTTGCTGGTGGTCTGTTCC
GCCCACTGAGAGATTCCACG
GCCATTTCAGCTACAGTGGC
GCCATCTCCATGCATGATGC
GATTTTGCTGAGGCTCTTCGG
TCAAGCCGTTTTAGCAAAGGG
TGATGGCTGTTTGTTTGTGGG
TCACTCACTTCAGCCGATGC
AGTTTACCCATGGCCGTGG
AGCCCACTTTACTGCCTTCC

Oryza sativa
homolog
Length %GC Tm
OS06G08730
20
55 59.2
OS06G08730
20
50 59.2
OS04G43030
20
50
60
OS04G43030
20
55 59.5
OS09G08660
20
60
60
OS09G08660
20
55 59.7
OS12G38380
21
52 59.5
OS12G38380
20
60 60.3
OS08G08060
20
55 59.5
OS08G08060
20
55 59.8
OS07G03160
20
60 60.1
OS07G03160
20
55 60.2
OS04G43916
20
55 59.9
OS04G43916
20
60 60.5
OS11G19250
20
55 59.5
OS11G19250
20
55 59.8
OS08G34970
21
52 59.6
OS08G34970
21
48 59.4
OS09G02214
21
48 59.6
OS09G02214
20
55 60.4
OS08G23360
19
58
60
OS08G23360
20
55
60
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Table B.1

Results of the relative qPCR which was performed to verify the success of the target enrichment.

Forward and Reverse Primer sequences
5’CTTCAACCACTCCTTGGGATA3’
3’TGACTATACCTTCAATCTGGTTCC5’
5’TTTCTGGTCTTCGTTCACCTC3’
3’AGAACTTGTGGAAGGCATGT5’
5’CAATCACACCGAAGGGAAGA3’
3’CAATCACACCGAAGGGAAGA5’
5’CTTGTCTCGTGTCCCTGTATATC3’
3’CAGCACCAAGAGCACCTTAT5’
5’TTGGAGATGTTCCTTGTAGCTT3’
3’GATTCGTGCATCCAAGTTGTAATA’
5’TGGCCTTGTGCTTCCAAT3’
3’CTTATTCCTGAGTGCGATGGT5’
5’TTAAGGACTCTGAGACCGAGAC3’
3’GCTCACCTTCAACTCGGAAA5’
5’CCGCATCTATGGACAAGACAA3’
3’GCCCAGTGACCACCATAAA5’

1.78 abs
* delta
Cp

Enriched
Cp
Pool_R1
16.02

Enriched
Cp
Pool_R2
16.14

Enriched
Cp
Average
16.08

Unenriched
Cp
Pool_R1
25.72

Unenriched
Cp
Pool_R2
24.81

Unenriched
Cp
Average
25.27

Enriched Cp −
Unenriched Cp
(delta Cp)
-9.19

20.08

20.25

20.16

2.13

37.58

19.86

0.31

1.20

22.62

22.41

22.51

42.26

3.79

23.02

-0.51

1.34

14.98

14.54

14.76

24.33

23.69

24.01

-9.25

207.20

20.37

19.27

19.82

29.77

30.03

29.90

-10.08

334.37

16.77

16.98

16.87

27.91

29.09

28.50

-11.63

817.31

15.56

15.53

15.54

34.77

24.72

29.75

-14.20

3597.20

14.34

14.63

14.48

25.30

23.34

24.32

-9.84

291.16

Cp = crossing point; abs = absolute value
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Table B.2

Indicators of the MCMC run for the BEAST analysis.

Statistic

Mean

ESS

Trace Type
(Real/Ordinal/Categorical)
R
R
R
R

posterior
likelihood
prior
TreeHeight

-139700.00
-139800.00
94.65
0.01

7611.00
7165.00
7744.00
6197.00

freqParameter.1
freqParameter.2
freqParameter.3
freqParameter.4
rateAC
rateAG
rateAT
rateCG
rateGT
mutationRate

0.29
0.19
0.22
0.30
0.36
0.88
0.31
0.35
0.31
1.00

2478.00
3125.00
2953.00
2605.00
3545.00
2754.00
3473.00
4264.00
3838.00
-

R
R
R
R
R
R
R
R
R
*

gammaShape
ucldStdev
rate.mean
rate.variance
rate.coefficientOfVariation

0.20
0.54
9.67
47.38
0.56

4933.00
238.00
8739.00
5267.00
205.00

R
R
R
R
R

ucldMean
BirthDeath
BDBirthRate
BDDeathRate
logP(mrca(rootAge))

10.68
122.73
544.23
0.26
-5.22

6934.00
7803.00
8158.00
7277.00
6199.00

R
R
R
R
R

mrca.age(rootAge)

0.01

6197.00
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Table C.1 Mean, Standard Deviation and Standard Error of samples for each quantitative floral
trait
Floral trait
Spur length

Spur width

Lateral petal
length

Species code
AQL
DIL
LIM
PUR
SPA
STR
TES
YOS
ZOT
Total
AQL
DIL
LIM
PUR
SPA
STR
TES
YOS
ZOT
Total
AQL
DIL
LIM
PUR
SPA
STR
TES
YOS
ZOT
Total

N
27
17
8
6
9
11
5
2
2
87
19
17
8
6
9
11
5
2
2
87
19
17
8
6
9
11
5
2
2
87

Mean
3.7184
7.0559
11.5875
3.3
8.3667
4.3364
5.3
3.25
9.5
5.4954
1.026
0.947
0.638
0.933
0.967
1.455
0.76
1.5
1.25
0.923
2.9421
3.7647
3.5125
2.675
4.3667
3.7818
2.96
3.5
4.375
3.3736
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Std. Deviation
0.8675
2.99436
0.64462
0.74297
2.52339
0.88037
1.15109
0.35355
0.70711
3.45642
0.2023
0.1125
0.0518
0.1966
0.1658
0.2464
0.2074
0.7071
0.0707
0.4102
0.72901
1.27473
0.13562
0.95171
0.55453
0.76657
0.93968
0
0.88388
1.00101

Std. Error
0.19902
0.72624
0.22791
0.30332
0.84113
0.26544
0.51478
0.25
0.5
0.37057
0.0464
0.0273
0.0183
0.0803
0.0553
0.0743
0.0927
0.5
0.05
0.044
0.16725
0.30917
0.04795
0.38853
0.18484
0.23113
0.42024
0
0.625
0.10732

Table C.1 (continued)
Floral trait
Lateral petal
width

Lip length

Lip width

Distance
between
viscidia

Species code
AQL
DIL
LIM
PUR
SPA
STR
TES
YOS
ZOT
Total
AQL
DIL
LIM
PUR
SPA
STR
TES
YOS
ZOT
Total
AQL
DIL
LIM
PUR
SPA
STR
TES
YOS
ZOT
Total
AQL
DIL
LIM
PUR
SPA
STR
TES
YOS
ZOT

N
19
17
8
6
9
11
5
2
2
87
19
17
8
6
9
11
5
2
2
87
19
17
8
6
9
11
5
2
2
87
19
17
8
6
9
11
5
2
2

Mean
1.02395
1.83235
1.5125
1.45833
2.15556
1.47273
1.02
1
3
1.43971
4.0158
4.9588
4.8625
4.5167
7.2222
5.6091
5.5
4.9
6.25
4.8908
1.3974
1.7706
1.1
1.45
1.45
1.3636
1.088
2
1.9
1.4533
0.7711
0.9176
1
1
1.7556
1.0091
1.28
1
2

Std. Deviation
0.198484
0.483135
0.083452
0.128128
0.638575
0.303615
0.228035
0
0
0.600231
0.7358
1.11569
0.28754
1.22706
1.12002
0.67595
0.86603
0.14142
1.06066
1.39987
0.2058
0.68535
0.09258
0.53944
0.30822
0.48223
0.26781
0
0.14142
0.46017
0.28251
0.10744
0
0.31623
0.43333
0.03015
0.21679
0
0

Std. Error
0.045535
0.117177
0.029505
0.052308
0.212858
0.091543
0.10198
0
0
0.064351
0.1688
0.27059
0.10166
0.50094
0.37334
0.20381
0.3873
0.1
0.75
0.15008
0.04721
0.16622
0.03273
0.22023
0.10274
0.1454
0.11977
0
0.1
0.04934
0.06481
0.02606
0
0.1291
0.14444
0.00909
0.09695
0
0

Total

87

1.027

0.38908

0.04171
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Table C.1 (continued)
Floral trait

Species code
N
Mean
Std. Deviation Std. Error
AQL
19
2.7474
1.07516
0.24666
Dorsal sepal
DIL
17
2.0353
0.39361
0.09546
width
LIM
8
2.45
0.2
0.07071
PUR
6
2.7167
0.58793
0.24002
SPA
9
3.8556
0.66353
0.22118
STR
11
3.2
0.74967
0.22603
TES
5
2.02
0.249
0.11136
YOS
2
2.5
0
0
ZOT
2
4.125
1.94454
1.375
Total
87
2.6511
0.92614
0.09929
AQL
19
2.5842
0.29489
0.06765
Dorsal sepal
DIL
17
3.2
1.0834
0.26276
length
LIM
8
1.5375
0.1685
0.05957
PUR
6
2.8
0.6
0.24495
SPA
9
4.2222
0.96796
0.32265
STR
11
3.2909
0.57871
0.17449
TES
5
3.44
0.37815
0.16912
YOS
2
3.35
0.21213
0.15
ZOT
2
3.425
0.95459
0.675
Total
87
2.842
1.05455
0.11306
AQL
19
1.3974
0.15499
0.03556
Lateral sepal
DIL
17
1.8
0.47991
0.11639
width
LIM
8
3.35
0.17728
0.06268
PUR
6
1.65
0.49699
0.2029
SPA
9
2.3667
0.42426
0.14142
STR
11
2.1727
0.51008
0.15379
TES
5
1.4
0.26458
0.11832
YOS
2
2
0.70711
0.5
ZOT
2
3.25
1.06066
0.75
Total
87
2.058
0.73796
0.07912
AQL
19
3.67
0.79316
0.18196
Lateral sepal
DIL
17
4.1918
1.2092
0.29327
length
LIM
8
3.7125
0.25319
0.08952
PUR
6
3.9167
0.29944
0.12225
SPA
9
5.3722
0.74963
0.24988
STR
11
4.7455
0.80544
0.24285
TES
5
4.54
0.45607
0.20396
YOS
2
4
0.70711
0.5
ZOT
2
5.75
0.35355
0.25
Total
87
4.1476
1.01986
0.10934
Abbreviation: AQL: P. aquilonis, DIL: P. dilatata, LIM: P. limosa, PUR: P. purpurascens, SPA:
P. sparsiflora, STR: P. stricta, TES: P. tescamnis, YOS: P. yosemitensis, ZOT: P. zothecina. N
= number of flowers examined per species.
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